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ABSTRACT
The lifetimes and quantum yields of proanthocyanidins, monomers 
and dimers of catechin and epicatechin, were measured. The 
fluorescence quantum yield and lifetime of the monomers was three times 
greater in dioxane than in water.
The fluorescence decay curves of catechin and epicatechin were 
found to be fit best by a monoexponential function. The fluorescence 
decay of dimers of epicatechin and catechin were best fit to a sum of . 
two exponentials. The fluorescence decay curve of a bridged dimer, 
Procyaninidin A-2, in dioxane was best fit to a monoexponential 
function.
The 400 MHz proton NMR spectra of Procyanidin B-l decaacetate in 
nitrobenzene and dioxane shows two rotational isomers. The rotamer's 
relative population was determined by the peak integrals. The ratio 
of the pre-exponential factors from the fluorescence lifetime measure­
ments of the acetylated dimer in dioxane were similar to the relative 
populations for the two rotational isomers determined by proton NMR 
in dioxane. These results suggest that the heterogeneity of the 
fluorescence decay for the dimers is due to rotational isomerism.
The combination of molecular mechanics calculations and 
fluorescence permits assignment of a particular rotational isomer to a 
particular lifetime in the dimers studied. From the molecular 
mechanics calculations for the dimers of epicatechin and catechin, the 
bond lengths, bond angles and dihedral angles were used to construct a 
rotational isomeric state (RIS) model for the homopolymers of catechin
xiv
and epicatechin which have an interflavan linkage between C{4) of one 
monomer and C(6) of its neighbor. The nature of the helices and 
unperturbed dimensions for these homopolymers were found to be very 
sensitive to the fractional contribution of a particular rotational 
isomer. A combination of the time-resolved fluorescence and RIS 
predicts a random coil for the polymer (<r2>0/nl* = 5.8).
The fluorescence of catechin and proanthocyanidin dimer is 
enhanced upon complexation with poly(vinylpyrrolidone) in water. The 
intrinsic viscosity shows a dramatic col lapse of the 
poly(vinylpyrrolidone) chain in the presence of catechin.
Quenching of the fluorescence is observed when proanthocyanidins 
complex poly(L-proline) in water. It is found that emission by the 
fluorophores is useful for discrimination between local right- and 
left-handed helices in the poly(L-proline) chain.
xv
Introduction To Polymers Of (+)-Catechln And (-)-Epicatechin
Catechin and epicatechin are the monomer units for a class of
polymers called proanthocyanidins. Older literature refers to these
polymers as condensed tannins. Polymers of catechin and epicatechin
are found in a wide variety of plants. J Although proteins, nucleic
acids, and polysaccharides are considered the most widely known
polymers that occur in nature, the widespread distribution of phenolic
polymers of catechin and epicatechin in plants constitute another major
class of naturally occurring polymers. These non-lignin polyphenols
have been readily isolated from the tissues of a wide variety of fruit 
4*6bearing plants. It is believed that these plant polymers act as a
7 fichemical defense mechanism for plants. ' The polymers of catechin and 
epicatechin form stable complexes with proteins.^ ^  These protein 
complexes are also responsible for the astringent taste found in unripe 
fruit, tea, wine and beer.1^'1^ The protein complexes cannot be fully 
digested by the herbivore, therefore limiting the nutritional value 
gained by predators who ingest plants which have high amounts of 
proanthocyanidin polymers.13 In addition to complexing biological 
macromolecules, the polymers of catechin and epicatechin can complex 
polymers that are of commercial interest. It is these complexes that 
provide the basis for developing the proanthocyanidin polymers as 
natural adhesives.^
1
Nomenclature And Structure
Figure 1 depicts the structure and numbering scheme of the two
monomer units, catechin and epicatechin. The only difference between
the two monomers is the position of the hydroxyl substituent at C(3).
The pyrocatechol ring at C(2) is referred to as the "B-ring" and the
fused dihydroxy benzene ring is referred to as the "A-ring". The "A-
ring" and "B-ring" are labelled in Figure 1 as A and B respectively.
The conformation of epicatechin in the crystalline state has been
16 17obtained by x-ray studies by two independent groups. ' Both groups
report similar structures for epicatechin, but much higher resolution
was obtained by Fronczek et. al. Figure 2 depicts the crystal
structure of epicatechin that was elucidated by Fronczek et. al.17
Although catechin has not been crystallized in a form suitable for
x-ray diffraction studies, crystal structures of two derivatives1^'2®
along with a theoretical conformational analysis suggest that the
heterocyclic ring in catechin has a conformation similar to that
obtained for epicatechin. Figure 2 shows puckering in the heterocyclic
ring. Rotation about the bond between C(2) and C(ll) places the
dihydroxybenzene ring approximately perpendicular to the mean plane of
the fused ring system rather than parallel to the plane of the fused
17ring system. Crystal structures of epicatechin and analysis of NMR 
coupling constants for dilute solutions of catechin derivatives2® 
usually place the dihydroxybenzene substituent in a pseudoequatorial 
position on the heterocyclic ring. The only well documented exception 
is in the crystal structure of penta-o-acetyl-t+J-catechin1®, in which 
the dihydroxyphenyl substituent occupies an axial position, presumably
Figure 1: structure and numbering system for Epicatechin and
Catechin. A)-Numbering System for Flavonoid Nucleus. 
B) Structure of (-)-Epicatechin. C) Structure of 
(+)-Catechin.
4©
Numbering System for Flavenoid Nucleus
OH
OHsu
J h ™
Structure of ( - )  -  Epicatechin
Structure o f ( + ) - Catechin
5Figure 2: Structure of (-)-epicatechin in the crystalline state. 
Figure was taken from Fronczek et al. Reference 17.
Structure o f (-)-ep ica tech in  in the crystalline state
because repulsive steric interactions occur if the C(2) substituent is 
equatorial.
Proanthocyanidin polymers are formed by linking the monomer units 
6 27from C(4) to C(8). other polymers of catechin and epicatechin
have been observed in which the linkage between the two monomers is via 
23 -* 25C(4)-C(6). The bond linking the two monomer units together is
referred to as the interflavan bond. The two dimers of catechin and
epicatechin investigated in this dissertation exhibit the linkage
patterns shown in Figure 3. The figure assigns two names for each of
the dimers shown. Procyanidin 8-1 and Procyanidin B-7 are examples of
trivial names for proanthocyanidin dimers. They were first introduced
26 27by Weinges' early work ' on dimers and then extended by Haslam and
g
his coworkers. In order to account for the isolation of new
29 20proanthocyanidin dimers, trimers and tetramers whose absolute
2 29configuration is known. Porter ' proposed a nomenclature for 
proanthocyanidin polymers that is similar to the nomenclature used to 
name polysaccharides. The fundamental structural units are defined in 
terms of their familiar monomeric flavin-3-ol names, such as catechin 
and epicatechin. The interf lavan bond is denoted in the same way as in 
carbohydrates. The bond and its direction are contained in parentheses 
and the configuration at C(4) is denoted by either alpha or beta 
(a or fl). Using Porter's nomenclature, the dimer procyanidin B-l is 
then denoted epicatechin(40**8)catechin. Porter's nomenclature is more 
readily adapted to naming the synthesized branched trimer^0 and the 
branched polymers that have been isolated from plants.^1
Figure 3: Structures of A) Epicatechin(4f*8)catechin 
(Procyanidin B-l) B) Epicatechin(4fi-*6)catechin 
(Procyanidin B-7).
9B
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Figure 3 gives both the trivial names and Porter's nomenclature for the 
two dimers shown.
Proanthocyanidin polymers that have been isolated indicate that 
the C£4)-C{8) interflavan linkage pattern is most common in these
3 5  i *52
polymers. Haslam ' contends that constructing polymers with all
C(4)-C(8) interflavan bonds results in a helix that is left handed if
the repeat units are all epicatechin. If all the repeat units are
switched to catechin, then the polymer chain becomes a right handed
helix. Although the C(4)-C(8) interflavan bond is the dominant linkage
pattern in naturally occurring proanthocyanidins, these polymers
exhibit both types of interflavan bonds, C{4)-C(8) and C(4)-C(6), in 
28the same molecule.
Estimates of the weight average molecular weight and number
average molecular weight were obtained by gel permeation chromatography
of peracetylated derivatives of proanthocyanidin polymers. When the
results were compared to calibration curves of linear polystryrene
standards, Porter concluded that the proanthocyanidin polymers have a
2
globular rather than linear structure. The weight average molecular
weights for these polydisperse peracetylated samples were found to be
2
as high as 13,300. Porter's work used the plant species Chinese 
quince (Mn=3500, Mw=11100), Quince (Mn»35Q0, Mw=13300) and Watsonia 
(Mn=*2200, ^=6500) as the sources for proanthocyanidin polymers. 
Porter's conclusion that proanthocyanidins are globular is not 
compatible with Haslam's prediction that proanthocyanidins form 
helices.
Branching in proanthocyanidins has also been observed in polymers 
2 29isolated from plants. ' These results suggest that naturally
11
occurring proanthocyanidins are not stereoregular structures but 
instead may be highly irregular structures because o£ the diverse types 
of linkage patterns and branching observed in the polymers.
The *H~NMR of acetylated derivatives of proanthocyanidin dimers 
shows restricted rotation about the interflavan bond which yields two 
rotational isomers for each dimer. ' Energy minima from molecular 
mechanics calculations on a series of C(4)-C(8) and C(4)-C(6) linked
dimers of catechin and epicatechin indicate a twofold rotation about
21the interflavan bond. The energy difference between the two minima
is small enough so that both minima may be populated to a significant
extent. Although hindered rotation about the interflavan bond has been
determined for acetylated dimers of catechin and epicatechin and is
believed to occur in the phenolic forms of the dimers, very little is
known about how rotational isomerism might affect the overall
dimensions and conformations of proanthocyanidin oligomers and
polymers. One aim of the research in this dissertation was to
investigate rotational isomers of proanthocyanidins by means of
fluorescence and other experimental techniques. These experimental
results are the basis for theoretical calculations that can predict-the
effects rotational isomers have on the dimensions of the
proanthocyanidin polymer chain.
Proanthocyanidin Interactions
With Proteins, Polypeptides And Polymers
Polymers of catechin and epicatechin form complexes with many 
macromolecules. The interaction with salivary proteins and 
glycoproteins in the mouth causes the astringent taste of unripe fruit 
and plant based b e v e r a g e s . * ^ ' T h e  complexation of 
proanthocyanidins to enzymes and proteins such as 3-glucosidase^ and
12
hemoglobin20 leads to their inactivation. Although most studies have
investigated proanthocyanidin complexes of biological macromolecules,
absorption of proanthocyanidins by insoluble polyvinylpyrrolidone and
polystyrene resins in aqueous solutions indicates the interaction
37occurs in commercial polymers as well.
Proanthocyanidins can bind and precipitate a macromolecule from
solution. In previous studies, precipitation was the means of
monitoring the extent that proanthocyanidins form complexes with
various macromolecules.7,10,12 Although the idea that interactions
between proanthocyanidins and macromolecules leads to complex formation
and eventually precipitation is generally accepted, the specific mode
of interaction which leads to complexation is poorly understood.
The formation of hydrogen bonds between the proanthocyanidin and
macromolecule has been considered one of the mechanisms for complex
10 3Rformation, aggregation and eventual precipitation from solution. '
Binding assays of proanthocyanidins on a series of polypeptides and
proteins suggested that the hydrogen bonding between the phenolic
hydroxyl group and peptide carbonyl is the major stabilizing factor in
10 38proanthocyanidin-protein interaction. Proanthocyanidins
precipitated collagen and collagen whose carboxyl groups have been 
esterified equally well. Regardless of whether the side groups were 
blocked for hydrogen bond formation, the proanthocyanidin still binds 
the collagen. This author concludes that the peptide bond is the 
dominant site for hydrogen bond formation in the interaction of 
proanthocyanidin with protein. In this same work, however, the 
author could not rule out the possibility that other interactions
13
including hydrophobic interactions might be involved in the
proanthocyanidin-protein complexation.
The idea that hydrophobic interactions are the principle force in
governing the interactions of proanthocyanidins and proteins may also
be found in the literature. The strength of hydrophobic interactions
increase as the ionic strength increases, while the opposite is true
for hydrogen bonds. Absorption of proanthocyanidins on an uncharged
polystyrene resin and increased complexation of proanthocyanidins with
gelatin or poly(L-proline) with increasing ionic strength both suggest
g
that hydrophobic interactions are responsible for complexation.
This dissertation will attempt to explore and understand the 
nature of interactions between proanthocyanidins and other 
macromolecules. The principle method used to probe this interaction is 
fluorescence. Fluorescence differs from previous methods in that the 
sensitivity of detection permits study of complex formation at 
concentrations low enough so all species remain in solution and 
precipitation is avoided. This technique takes advantage of the 
fluorescent properties of catechin, epicatechin and their dimers. This 
is the first time fluorescence has been reported for these compounds. 
Changes in the fluorescence characteristics upon complexation can 
reveal subtle aspects t e. their interactions with macromolecules.
Experimental Methods And Details
Chemicals And Purification
Catechin, epicatechin, poly(vinylpyrrolidone), poly(L-proline), 
polytb-hydroxyproline), Poly(L-sarcosine) and L-prolyl-L-prolyl-L- 
proline were all purchased from Sigma Chemical Company. Four samples 
of poly(L-proline) were studied. The manufacturer reported the 
molecular weights to be 70,000, 60,000, 31,000 and 7,000, based on a 
measured intrinsic viscosity and a published intrinsic viscosity versus 
molecular weight standard curve.®® The 70,000 and 60,000 molecular 
weight samples were found to contain an unidentified fluorescent 
impurity. The impurity could be removed with an activated charcoal 
column or dialysis of the poly(L-proline) against deionized distilled 
water. The activated charcoal was purchased from Sigma Chemical 
Company and was not pretreated. Spectropore dialysis tubing with 
molecular weight cutoff of 3,500 was used to perform the dialysis. The 
aqueous poly(L-proline) solution that had been purified was frozen by a 
dry ice/l-propanol bath. Lypholization of the frozen solution 
regenerated the polypeptide from solution.
A fluorescent compound was found in the trifluoroethanol that was 
purchased from Sigma Chemical Company. It was removed by fractionally 
distilling the solvent (bp=77-80° C).
Dr. Richard H. Hemingway kindly supplied highly purified samples 
of synthetic (-)-epicatechin-(43+8)-(+)-catechin,
(-) -epicatechin- (40 *>■6) - (+) -catechin,
{-)-epicatechin-(4f+8)-(+)-catechin decaacetate,
(-) -epicatechin- (4B+6) - (+)-catechin decaacetate, catechin (4ct-*,8 ) catechin
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decaacetate, and epicatechin (43+8), 23+00+7) epicatechin, a bridged 
dimer. Figure 4 shows the structure of the bridged dimer. Quinine 
bisulfate, dioxane, 1-propanol, tetramethyl silane (TMS), deuterated 
dioxane and deuterated nitrobenzene were purchased from Aldrich 
Chemical Company. All other chemicals used were reagent grade. 
Deionized distilled water was used throughout.
DV Absorption Measurements
All UV absorption measurements were performed on a Cary 219c 
spectrophotometer. Since this is a double beam instrument, solvent 
absorbance is automatically subtracted by placing the solvent in the 
reference beam. The wavelength range was scanned from 310 nm to 260 run 
to obtain the absorption spectra for catechin, epicatechin and their 
dimers. Because aqueous solutions of catechin, epicatechin and their 
dimers turn visibly yellow over a period of 10-12 days, the absorption 
spectra were performed on freshly made solutions. Because exposure to 
light accelerates the yellowing, the solutions were stored in the dark. 
When the pH of the aqueous solutions is adjusted to 11.1 the solutions 
turn yellow in a matter of minutes. Although similar behavior is 
observed when these compounds are dissolved in non-aqueous solvents 
such as trifluoroethanol, 1-propanol or dioxane, the solutions do not 
become visibly yellow until 25-30 days after they have been made. The 
measurements were made at concentrations that range from .008 mg/ml to 
.20 mg/ml for solutions of catechin and epicatechin. For the dimers of 
catechin and epicatechin, the measurements were made at concentrations 
which ranged from .005 mg/ml to .01 mg/ml. At these concentrations the 
absorbance did not exceed 0.1 in the wavelength regions of 260-300 nm.
Figure 4: Structure of bridged dimer Procyanidin A-2 
[ ep i c atechin (4 p -►S r 2 0 + 0  0+7) epica techin ].
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When fluorescence measurements were made on these optically dilute 
solutions, the error due to inner filter effects^ and reabsorption of 
the emitted light was minimal.^2 
Steady State Fluorescence And Quantum Yield
All steady state fluorescence measurements were performed on an 
SLM 8000 spectrofluorimeter that was controlled by an Apple 2e personal 
computer. The excitation source was a 450 Watt Xenon arc lamp that can 
operate efficiently in the wavelength range 260-700 nm. Holographic 
grating monochromators were used to select the wavelength of exciting 
and emitting light. Emission was detected at 90 degrees from the 
excitation. All fluorescence data was collected as a ratio of the 
sample's signal to the signal detected from the quantum counter 
Rhodamine B in ethylene glycol. This accounts for any fluctuations in 
the intensity of the lamp. Gians polarizers were oriented at 0° and 
54.7° to obtain the "magic angle" conditions which corrects for any 
anisotropic effects.^ The temperature of the samples was maintained 
at 25° ± .2° C. Excitation and emission slitwidths were set for a 4 nm 
bandpass. Solutions of catechin, epicatechin and dimers of epicatechin 
and catechin were excited at 272, 280 and 288 nm. By scanning the 
emission from 285 nm to 450 nm the fluorescence spectrum was obtained. 
The emission spectra were corrected for wavelength dependent instrument 
response.
In addition to the emission spectrum, steady state measurements 
can be used to calculate the quantum yield of fluorescence.
The quantum yield of fluorescence, Q, is defined in equation (1).
Q = # photons emitted/# photons absorbed (1)
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The quantum yields of fluorescence can be obtained using quinine 
bisulfate in 1.0 N sulfuric acid as a s t a n d a r d . i n  optically dilute 
solutions (absorbance < 0.1) the intensity of fluorescence is related 
to the intensity of light absorbed and the quantum yield of 
fluorescence by equation (2).^
P - [lo (l-10-acL)]Q (2)
Where: F =* total fluorescence intensity (quanta/sec)
IQ = intensity of exciting light (quanta/sec) 
c = concentration of solution 
L = pathlength of solution 
a * extinction coefficient 
Q 3 quantum yield of fluorescence
For optically dilute solutions only a small fraction of exciting light 
is absorbed and equation (2) may be simplified to equation (3):
F => [I0 (2.3acL)]Q (3)
The integrated area of the corrected fluorescence emission spectrum is 
proportional to the total fluorescence intensity of the solution and 
this in turn is proportional to the product IQQacL. Therefore, if the 
fluorescence emission spectra of two solutions are measured at the same
excitation wavelength under identical instrumental conditions, then the
ratio of their quantum yields is given by equation (4).^'^
Where: = fcke integrated areas for corrected emission spectra of
solutions 1 and 2.
A1,A2 “ acl- “ fc^ e aljsorbance of solutions 1 or 2 at the 
excitation wavelength.
Ql,Q2 s the <3uantum yield of fluorescence for solutions 1 and 2.
If one of the solutions chosen has a known quantum yield then the value 
for the other solution may be obtained. A quantum yield value of .546 
for quinine bisulfate in 1.0 N sulfuric acid was used at 25° C and 
excitation wavelengths of 272-288 nm.^®
The corrected emission spectra of a sample is obtained by 
subtracting the blank solvent emission spectrum from the apparent 
emission spectrum of the sample. Multiplying the subtracted apparent 
emission spectrum by a set of wavelength dependent correction factors, 
the emission spectrum of the sample is corrected for any wavelength 
dependence due to the instrument. The range of integration used to 
determine the area under the corrected emission spectra of catechin, 
epicatechin and the dimers of catechin and epicatechin was 285-420 nm. 
The range of integration used to compute the area under the corrected 
emission spectra of quinine bisulfate in 1.0 N sulfuric acid was 380- 
6 20 nm.
Steady State Fluorescence
Measurements And Proanthocyanidin Complexes
Steady state fluorescence measurements were used to determine the 
extent of complex formation of proanthocyanidins with macromolecules. 
The emission spectra for catechin, epicatechin and the dimers of 
catechin and epicatechin were measured in the absence and presence of
21
different polymers. Proanthocyanidin solutions were maintained at 
constant concentrations as the concentration of the polymer was 
increased. Excitation of these solutions was at 280 nm. The 
integrated emission spectrum of proanthocyanidins in the absence and 
presence of polymer is denoted by 1(0) and I respectively. The 
wavelength range of the integration used to determine 1/1(0) was 285- 
420 nm.
Stock solutions of catechin, epicatechin and
epicatechin(40'*'6}catechin in water were freshly prepared at
concentrations of 9.4 x 10~^ M, 9.0 x 10~^ M and 1.76 x 10-5 M
respectively. Three stock solutions of poly(vinylpyrrolidone) in water
were prepared at concentrations of 10.0, 5.0 and 2.0 mg/ml. Aliquots
of 2 ml or less of the polytvinylpyrrolidone) stock solution were added
to 2 ml aliquots of the proanthocyanidin stock solution. When
necessary water was added so that the final volume of solution was 4 ml
total. This insured the concentration of catechin, epicatechin or
— 5epicatechin(4$**6)catechm in water remained constant at 4.7 x 10 M,
_ C _g
4.5 x 10 M and 8.8 x 10 M respectively upon addition of 
poly(vinylpyrrolidone). Final poly(vinylpyrrolidone) concentrations in 
the presence of the proanthocyanidin ranged from 0.0-5.0 mg/ml in 
water.
Stock solutions were freshly prepared for 
epicatechin(48'*,8)catechin and epicatechin(46-*-8)catechin decaacetate in 
dioxane at concentrations of 9.32 x 10-® M and 1.10 x 10-5 M 
respectively. A 10.08 mg/ml stock solution of poly(vinylpyrrolidone) 
in dioxane was prepared. Aliquots of 2 ml or less of the 
poly(vinylpyrrolidone) stock solution were added to 2 ml aliquots of
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epicatechin(4f!-*8)catechin or epicatechin(43+8)catechin decaacetate 
stock solutions. When necessary, dioxane was added so that the final 
volume of the solution was 4 ml. This generated a series of dioxane 
solutions where the concentration of polytvinylpyrrolidone) ranged from 
0.0-5.04 mg/ml while the concentration of epicatechin(48*>8)catechin or 
epicatechin{43+8)catechin decaacetate was held constant at 
4.66 x 10~® M or 5.5 x 10~® M respectively.
Stock solutions of catechin and epicatechin were freshly prepared
-5 —5in water at concentrations of 7.16 x 10 M and 7.88 x 10 M respectively.
A 20.0 mg/ml stock solution of poly(L-proline) in water was prepared
and placed in the refrigerator to facilitate dissolution, in order to
probe the interaction of catechin or epicatechin with poly(L-proline),
aliquots of 2 ml or less of poly(L-proline) stock solution were added
to a 2 ml aliquot of catechin or epicatechin stock solution. When
necessary, water was added so that the solutions final volume was 4 ml.
This generated a series of aqueous solutions where the concentration of
poly(L-proline) ranged from 0.0-10.0 mg/ml while the concentration of
* * . “5catechin or epicatechin was held constant at 3.58 x 10 M or
3.44 x 10  ^M respectively. The manufacturer reported a molecular
weight of 60,000 for the poly(L-proline) used in this experiment.
Spectrofluorimetric Determination 
Of The Amount Of Bound Catechin
The amount of catechin complexed to poly(L-proline) or
poly(vinylpyrrolidone) is evaluated using a scheme similar to that
outlined by LePecq and Paoletti^ for the complexation of ethidium
bromide to nucleic acids. For a pure solution of catechin in water,
the fluorescence intensity is found to be a linear function of the
catechin concentration, cQ, and may be represented by equation (5).
Where: FQ = the fluorescence intensity of catechin in the absence of
polymer (counts/sec) 
cQ = the concentration of catechin (moles/liter)
Let the total fluorescence intensity when polymer is added be F-^ . The 
contributions to the fluorescence due to bound and free dye will be 
denoted F^ and F^ respectively. Similarly, the concentration of bound 
and free catechin will be denoted c^ and c^ respectively. Then the
Let V be the ratio of the fluorescence intensity when all the catechin 
is bound to the fluorescence intensity when all the catechin is free. 
This ratio V must be measured under the same conditions of wavelength, 
concentration, temperature and solvent. (V > 1.0 for polymers which 
enhance fluorescence and V < 1.0 for polymers which quench 
fluorescence.} The concentration of catechin bound to polymer can be 
determined by manipulating the following relations to arrive at 
equation (13).47
k = the constant of proportionality (counts liter sec-* 
moles-*)
following relations are used.47
(6)
co “ cb+cf (7)
(8)
Substituting equation (7) into equation (5) yields equation (10):
Substituting equation (9) into equation (10) yields equation (11):
Substituting equation (6) into equation (11) yields equation (12):
All the parameters in equation (13) can be experimentally measured to 
give the concentration of catechin bound to the polymer. The value of 
k is determined for a particular instrumental set up by measuring the 
fluorescence intensity at several concentrations of catechin. F^ may 
be determined directly from the fluorescence intensity of catechin as 
more polymer is added. f q may be determined using equation (5) and 
knowing the extent of dilution with each additional aliquot of polymer. 
V is the measured ratio of fluorescence intensity at a given 
concentration of catechin with enough polymer to insure all catechin is 
bound to the fluorescence intensity for the same concentration of 
catechin without any polymer present.
The amount of catechin bound to poly(vinylpyrrolidone) in water 
solution was determined using equation (13). The excitation wavelength 
was 280 nm and the fluorescence intensity was monitored at 310 nm 
emission wavelength. The temperature of the samples was maintained at 
25° C. The value for k was determined by measuring the fluorescence
(10)
kcf - Ff - V - < V v) (11)
Fb = ll lo
1 - 1/V
Pi - P (12)
: jp j  U  =  1  U  • =  -L  <
(VK) (1 - 1/V) VK (V "1)K
(Fx _ Fq ) ( 1 ) _ (Fj _ Fq )
(13)
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intensity at 310 nm Cor catechin solutions whose concentrations were 
7.03 x 10~^ M, 3.51 x 10-^ M and 1.75 x 10-^ M. All observed 
fluorescence intensities were corrected Cor inner filter effects.
Since the fluorescent light was measured in the middle of a 1 cm cell, 
the following relation is used to correct the fluorescence intensity 
for the absorption of excitation light.^
pcorr “ Fobs t antilog (Ae}£/2) ] (14)
Where: pcorr * the corrected fluorescence intensity
Fobs 3 observed fluorescence intensity
Aex = t*ie absorbance at the excitation wavelength
The fluorescence intensity of a catechin solution at a concentration of 
1.75 x 10 ^ M was measured in the absence and presence of 5.1 mg/ml 
poly(vinylpyrrolidone). The ratio of the fluorescence intensity in the 
presence of poly(vinylpyrrolidone) to the absence of 
poly(vinylpyrrolidone) was found to have a value of V of 1.89. A 
volume of 2.0 ml of 1.75 x 10 ® M catechin in water was placed in 1 cm 
cell. The fluorescence intensity at 310 nm and absorbance at 280 nm 
were measured. Added to this cell were 0.01-0.05 ml aliquots from a 
stock solution of 10.2 mg/ml poly(vinylpyrrolidone) in water. After 
the addition of each aliquot of polymer solution, the fluorescence 
intensity at 310 nm and the absorbance at 280 nm were measured. The 
absorbance measurements were made by adding identical amounts of 
polymer to a cell in the reference beam that had water and no catechin 
present. The fluorescence and absorption measurements were made 10 
minutes after the addition of the poly(vinylpyrrolidone) aliquots to 
insure the solutions were at equilibrium. The emission intensity was
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not time dependent. is determined from the fluorescence intensity 
when polymer is present. F0 is calculated from equation (5) by 
determining the amount that the catechin solution is diluted with each 
additional aliquot of poly(vinylpyrrolidone) solution. The sample of 
poly{vinylpyrrolidone) used in this titration had a molecular weight of 
360,000 as reported by the manufacturer.
A similar titration of catechin in water was performed where the 
polymer added was poly(L-proline). The value for k was determined by 
measuring the fluorescence intensity of catechin at a series of three 
different concentrations, 8.27 x 1Q~5 M, 4.13 x 10~^ M and 2.07 x 10~5 
M. The value for V was found to be 0.043 for a 2.07 x 10-^ M catechin 
solution in the presence or absence of 5.53 mg/ml poly(L~proline). A
_ C
volume of 2 ml of 2.07 x 10 M catechin solution was placed in a 1 cm 
cell. Aliquots of 0.01-0.05 ml from 11.06 mg/ml poly(L-proline) were 
added to the catechin solution directly in the cell. Each time an 
aliquot of polymer solution was added to the cell, the fluorescence 
intensity at 310 nm and absorbance at 280 nm was measured.
Fluorescence and absorption measurements were made 10 minutes after the 
addition of the polymer. The emission intensity was not time 
dependent. The concentration of bound catechin to poly (L-proline) 
could be determined using equation (13) in an analogous manner as was 
done for poly(vinylpyrrolidone). The sample of poly(L-proline) used in 
this titration experiment had a molecular weight of 70,000 as reported 
by the manufacturer.
Lifetime Measurements
Single photon counting^ was the method used to determine the 
lifetimes of proanthocyanidins in solution. In this method a flash of
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light excites the sample. The time interval is measured between the 
lamp flash and the arrival of the first photon at the photomultiplier 
tube. Accumulation of many of these single photon events generates a 
histogram of photon counts vs. the time of photon arrival, since 
fluorescence emission is a random event. This histogram represents the 
time resolved decay of the fluorescence of the sample. Because the 
method relies on detection of a single photon per excitation event, the 
fluorescent intensity must be adjusted so that one photon or less is 
detected per 50 pulses. The fluorescence decay curves are plotted as 
the number of counts (intensity) vs. the channel number (time).
Fluorescence lifetimes were measured in a Photochemical Research 
Associates nanosecond fluorimeter equipped with a Tracer Northern TN- 
1750 multichannel analyzer. A deuterium flash lamp was operated at a 
repetition rate of 25 kHz, with 6.0 kV applied across a 3.5-4.0 mm 
electrode gap under a D2 pressure of -30 kilopascals. The lamp pulse 
width was 2.4-2.6 ns full width half maximum. The excitation wavelength 
was selected through a 10 nm bandpass interference filter with maximum 
transmission at 279.5 nm. Since the excitation light was virtually 
unpolarized, to obtain "magic angle" conditions the emission was 
detected through one polarizer oriented at 35 degrees. A 2 mm slit was 
used for the emission monochromator. Samples were maintained at 25° C. 
Data acquisition was controlled by a Digital Equipment Corporation 
MINC-11 computer.
Fluorescence decay data were collected by alternating between a 
reference fluorophore and a proanthocyanidin sample. The time spent 
irradiating the sample and then the reference was 200 seconds per 
cycle. The experiment was continued until the sample decay curve had
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about 10,000 counts in the peak. The reference fluorophore was
p-terphenyl in 75% ethanol/25% water that is quenched by .8 M KI. The
lifetime of the quenched terphenyl solution was determined
independently in an experiment against the monoexponential standard of
48p-terphenyl in cyclohexane which has a lifetime of 0.95 ns, The 
lifetime of the quenched terphenyl was found to be monoexponential with 
lifetime of .20 ns. Emission wavelengths from 310-335 nm were 
investigated for the proanthocyanidin samples.
The lifetimes of catechin and epicatechin were measured in water 
and dioxane. The concentrations of catechin and epicatechin in water 
were .015 mg/ral and .014 mg/ml respectively. The concentrations of 
both catechin and epicatechin were .005 mg/ml in dioxane. At these 
concentrations the absorbance did not exceed 0.1.
The lifetimes in dioxane of epicatechin (48~*’8) catechin, 
epicatechin146">6 )catechin, epicatechin(46^8)catechin decaacetate and 
the bridge dimer, epicatechin(40-^ S, 28+o8'*'7)epicatechin were measured 
at concentrations of 0.011, 0.012, 0.011 and 0.006 mg/ml respectively. 
At these concentrations the absorbance did not exceed 0.1.
The lifetimes of epicatechin(4fi-*>8)catechin and 
epicatechin(48*6)catechin were measured in 35:65 and 20:80 
trifluoroethanol:1-propanol solvent compositions in the absence and 
presence of 2.0 mg/ml of poly(L-proline). The concentration of 
epicatechin(48*8)catechin and epicatechin(48*6)catechin in 35:65 
trifluoroethanol:1-propanol was 0.006 mg/ml when poly(L-proline) is 
present or absent. The concentrations of epicatechin(48*8)catechin and 
epicatechin(48*6)catechin in 20:80 trifluoroethanol:1-propanol were 
0.006 mg/ml and 0.004 mg/ml respectively, when poly(L-proline) was
absent or present. At these concentrations the absorbance did not 
exceed 0.1.
fluorescence decay, R(t), is given by the convolution of the lamp
If the fluorescence decay F(t) is assumed to be a sum of exponentials 
then:
The preexponential weighting factor is ct^  and the fluorescence lifetime 
of the ith component is t ^. The decay curve of the sample may be 
recovered by using a least squares method of evaluating the convolution
the single curve analyses, a set of decay curves for a given sample 
system at various emission wavelengths may be simultaneously
requires no prior knowledge of the fluorescence lifetimes only that the 
lifetimes remain constant across the emission spectrum.
An example of the way a single curve analysis of the fluorescence 
decay is plotted may be seen in Figure 5. The decay curves are plotted 
as the number of counts (intensity) versus the channel number (time). 
The three curves in the figure represent the lamp profile, the observed
Since the lamp pulse width is not infinitely narrow, the observed
pulse, L(t), with the impulse response of the sample, F(t).^
(15)
F(t) =» Iaiexp(-t/xi) (16)
integral.50,51 Ttie g00(jnegg Qf the fit was determined by the reduced
2
chi squared, x » an^ the quality of the fit was judged by the
CQ
autocorrelation function of the weighted residuals. In addition to
52deconvolved by global analysis. The global analysis used here
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decay, and the computer generated best fit for the observed decay.
Inset cure plots of the autocorrelation function of the residuals and 
residuals versus channel number.
NMR Spectra Of Proanthocyanidin Derivatives
The ^H-NMR spectra for the dimer epicatechin(40’>8) catechin
decaacetate were obtained in deuterated dioxane and deuterated
nitrobenzene. The instrument used was a Bruker 400 MHz Fourier
Transform NMR. The concentration of the dimer was about 5 mg/ml. The
measurements were performed initially in deuterated dioxane using
tetramethyl silane (TMS) as an internal reference at 25° C. The
chemical shifts are reported relative to TMS. Because of limited
quantities of the decaacetate dimer, it was necessary to remove the
dioxane and TMS so that the dimer could be redissolved in deuterated
nitrobenzene. This was done by simply blowing N2 into the NMR tube at
room temperature for about 90 minutes. Once the dioxane was removed,
the dimer was redissolved in deuterated nitrobenzene and a small
quantity of TMS was added again as the internal reference. Spectra in
deuterated nitrobenzene were recorded at three temperatures, 25° C,
100° C and 170° C. The peak integrals for particular resonances were
calculated by using the computer software available on the instrument.
Viscosity Measurements Of 
Polyvinylpyrrolidone With Catechin Present
Dilute solution viscosities of poly(vinylpyrrolidone) were 
measured using a Cannon-Ubbelohde serai-micro dilution viscometer. A 
constant-teraperature bath was used to maintain the temperature of the 
solutions at 30° ± .2° C. The efflux times for the
poly(vinylpyrrolidone) solutions and the solvent are denoted by t and 
tQ respectively. The efflux times for poly(vinylpyrrolidone) solutions
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Figure 5: Sample of lifetime decay plot (Epicatechin in water)
1) (.....) - Lamp profile. 2) & 3) (______ ) - Observed
decay and computer generated fit. 4) Plot of 
autocorrelation function of weighted residuals.
5) Plot of residuals.
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ranged from 215-409 sec. The efflux time for the solvent was 198 sec.
For a given polymer concentration the specific viscosity, nori, andsp
reduced viscosity, hre(j» may be calculated according to the following
cq
equations.
nsp = «t*to >/to (17)
nred a V /C tl8)
Where: c * the polymer concentration (g/dl)
The reduced viscosity was measured for poly(vinylpyrrolidone) as a 
function of the polymer concentration. Measurements of the reduced 
viscosities at a series of polymer concentrations were done by 
successive dilution in the reservoir of the viscometer. The range of 
polymer concentrations was 0.33-0.091 g/dl. The reduced viscosity of 
polyt vinylpyrrolidone) was measured when catechin was a co so lute. The 
catechin concentrations ranged from 3.44 x 10_^-1.39 x 10~® M. By 
means of the Huggins relationship,®^ equation (19), extrapolation to 
infinite dilution of the reduced viscosity versus polymer concentration 
plot gives the intrinsic viscosity, [n 1-
nSp/c - [n]+k'[n]2c (19)
Where: It' * is a constant for a series of polymers of different
molecular weights in a given solvent 
Circular Dichroism Measurements Of Polyproline
Circular dichroism measurements were carried out on a JASCO J-500C 
spectropolarimeter. The temperature of the samples was maintained at 
25° C by a circulating water bath. Poly(L-proline) is known to exist 
in two stable chain conformations called Form 1 and Form ll.
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A reversible transition in chain conformation may be induced by
eg
changing solvent composition. In trifluoroethanol the stable form of 
poly(L-proline) is Form II. Form I is favored in solvents rich in 1- 
" propanol. A series of solutions of poly(L-proline) were prepared in 
various solvent compositions of trifluoroethanol and 1-propanol. The 
weighted amount of poly(L-proline) was dissolved in a known volume of 
trif luoroethanol. Once all the poly(L-proline) was dissolved, a known 
volume of 1-propanol was added to gain a series of poly(L-proline) 
solutions with differing trifluoroethanol/l-propanol solvent 
composition. Because poly (1,-proline) is insoluble in 1-propanol, care 
must be taken to insure all the poly(L-proline) is dissolved in 
trifluoroethanol or the poly(L-proline) will precipitate once 
1-propanol is added. The concentrations of these poly(L-proline) 
solutions were about 1 mg/ml. Solvent compositions range from pure 
trifluoroethanol to 95:5 1-propanol:trifluoroethanol. After the 
solutions were prepared, they were allowed to stand for 7-10 days 
before the circular dichroism was measured to insure that the solutions 
were in equilibrium.
A 0.10 ml aliquot was taken from the 1.0 mg/ml poly(L-proline) 
stock solution and diluted to a final volume of 5.0 ml. The final 
concentrations of these poly(L-proline) solutions were 0.02 mg/ml. 
Circular dichroism measurements were made on the diluted solutions in 
10 mm path length cells. The remainder of poly(L-proline) stock 
solution was used in fluorescence measurements to probe the interaction 
of catechin, epicatechin(48**8)catechin or epicatechin(45-*-6)catechin 
with Form I or Form II of poly(L-proline). The manufacturer reported a
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molecular weight of 7,000 for samples of poly(L-proline) used for 
circular dichroism measurements.
Two other poly(L-proline) solutions were prepared similarly and 
used to investigate the effect Form I or Form II of poly(L-proline) has 
on the lifetimes of epicatechin(40+8)catechin and
epicatechin(43^6)catechin. The stock solutions were prepared in 35:65 
and 20:80 trifluoroethanol:l-propanol solvent composition at a 
concentration of 3.11 mg/ml and 3.03 mg/ml respectively. The molecular 
weight reported by the manufacturer was 31,000 for these samples of 
poly(L-proline). The stock solutions were left standing for 7 days to 
assure all solutions were at equilibrium. A 0.03 ml aliquot of the 
stock solution was diluted to. a final volume of 4.5 ml to yield two 
polyproline solution with final concentrations of 0.02 and 0.021 mg/ml. 
The circular dichroism was measured on these two diluted solutions in 
10 mm pathlength cells. The remainder of the poly(L-proline) stock 
solution was used to probe the effects that the polymer has on the 
lifetimes of epicatechin(4&->8)catechin or epicatechin(4f}*6)catechin.
A circular dichroism spectrum was obtained for polyproline 
solutions and their corresponding solvents by scanning the wavelength 
range of 260-200 nm. The molar residue ellipticity, for poly(L-
proline) may be calculated for this solutions at a particular 
wavelength, by the following relationship.^
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i e i A -  <E -  B)S
L(c/M) (20)
Where: E = sample signal (in cm)
B = baseline signal (in cm)
S * sensitivity of measurement (in m°/cm)
L « pathlength (in mm) 
c * concentration of sample (mg/ml)
M = molecular weight of a residue (g/mole)
Fluorescence Results and Discussion
Introduction
The two monomers, catechin and epicatechin, and several dimers 
were studied using several different experimental techniques. The 
primary method used to investigate these proanthocyanidins in this 
dissertation is fluorescence spectroscopy. In addition to the results 
from these experiments, the data from a rotational isomeric state model 
for C(4)-C(6) linked homopolymers of catechin and epicatechin are 
presented and discussed. Because there are two accepted nomenclatures 
for proanthocyanidin polymers presently being used in the literature, 
Table I list3 the names of each of the dimers studied according to each 
nomenclature system.
Absorption Spectra of Monomers
The absorption spectra of the monomers (+)-catechin and 
(-)-epicatechin were measured in water and dioxane. Figure 6a shows 
the absorption spectra of the two monomers in water. Both monomers 
show a broad structureless band with a maximum of 279 nm. The spectra 
reported here have the same wavelength maximum and same shape as those 
obtained previously for procyanidin polymers in water.^ Catechin and 
epicatechin were found to have molar extinction coefficients at 279 nm 
of 3,500 and 3,400 L raole-^ cm respectively. Since each monomer has 
two similar chromophores, the pyrocatechol ring, ring B, and the fused 
dihydroxy benzene ring, ring A, it is believed that both chromophores 
absorb in this spectral region and both contribute to the absorption at 
280 nm.
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Table I
Names of Dimers Studied 
According to Two Nomenclature Systems
Trivial Nomenclature Porter's Nomenclature
Procyanidin B-l 
Procyanidin B-7 
Procyanidin A-2 
Procyanidin B-l decaacetate 
Procyanidin B-3 decaacetate
Epicatechin (4fJ-*,8 ) catechin 
Epicatechin (4fS+6) catechin 
Epicatechin(43‘*8, 2 7)epicatechin
Epicatechin(43^8)catechin decaacetate 
Catechin{ 4a-»-8}catechin decaacetate
Figure 6: Absorption spectra of monomers in dioxane and water
a) Catechin { ) and epicatechin (___) in water.
b) Catechin (---) and epicatechin C ) in dioxane
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Figure 6b shows the UV absorption spectra of catechin and
epicatechin in dioxane at concentrations of 1.9 x 10-4 M and 1.7 x 10-4
M respectively. The spectra for both monomers in dioxane resembles the
spectra of the monomers in water in that a broad structureless band
results with a maximum at 280 nm. The molar extinction coefficients
for catechin and epicatechin in dioxane were found to be 3200 and 3600
liter mole” -^ era-1*, respectively. Absorption in this wavelength region
for benzene derivatives results in electronic transitions from the
1 58ground state of the molecule to an excited singlet state called 
This band can be attributed to the two phenolic chromophores 
present in each of the monomers.4 The absorption spectra of the 
monomers does not appear to be sensitive to whether the solvent is 
water or dioxane as evidenced by the small shift in wavelength maximum 
and small differences in the molar extinction coefficient.
Dimers Absorption Spectra
The UV absorption spectra for the procyanidin dimers, 
epicatechin(40*8)catechin and epicatechin(4£+6)catechin, were measured 
in dioxane. The resulting spectra are not very different from those 
observed for the respective monomers in dioxane. Both absorption 
spectra shown in Figures 7 and 8 exhibit a broad structureless band 
with its maximum at 280 nm. Of the four phenolic chromophores in the 
dimers, two are ring A chromophores and two are ring B chromophores. 
Furthermore, each of these four chromophores is believed to contribute 
to the band as was the case for the monomers* absorption. The 
absorption spectrum for a bridged dimer, Procyanidin A-2, measured in 
dioxane shows characteristics similar to the monomers and free dimers. 
The introduction of the bridging oxygen in this
Figure 7: UV absorption spectrum of Procyanidin B-l in dioxane.
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Figure 8: UV absorption spectrum of Procyanidin B-7 in dioxane.
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epicatechin(4gi+8)epi.catechin dimer does not affect the electronic 
structure of the phenolic rings. Therefore, it is not surprising that 
the absorption spectrum for the bridged dimer at a concentration of 6.1
_ C
x 10 M in Figure 9 should show the same broad structureless features 
apparent in the monomers and free dimers.
The absorption spectra of the dimers, epicatechinHB^SJcatechin 
and epicatechin(40-»6)catechin were measured in water. The spectra 
shown in Figures 10 and 11 resemble their monomer counterparts in 
water. The broad structureless band also seems to be rather 
insensitive to whether these dimers were measured in dioxane or water. 
The maximum for each of the dimers in water is 279 nm whereas in 
dioxane the dimers' absorption maximum shifts only slightly to 280 nm.
The absorption spectra of two acetylated dimers, 
epicatechin{4j3-*'8)catechin decaacetate and catechin(4a+8)catechin 
decaacetate, were also measured in dioxane. The absorption spectra for 
these two acetylated dimers differ from the phenolic counterparts. 
Figures 12 and 13 show that the acetylated dimers' absorption band 
is now resolved into two peaks. The more intense peak is located at 
271 nm for both acetylated derivatives. The shoulder or less intense 
peak is centered at 280 nm for epicatechin(40*8)catechin decaacetate 
and at 278 nm for catechin(4a*8)catechin decaacetate. The energy 
difference for epicatechin(4@->8)catechin decaacetate and 
catechin(4a->,8)catechin decaacetate is 1,120 cm-1 and 927 cm-1 
respectively. These energy differences indicate that the two maxima 
correspond to the same electronic transitions; however, for these two 
acetylated dimers the vibrational structure is beginning to be resolved 
in the band.
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Figure 9: UV absorption spectrum of Procyanidin A-2 in dioxane.
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Figure 10 UV absorption spectrum of Procyanidin B-l in water.
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Figure 11: UV absorption spectrum of Procyanidin B-7 in water.
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Figure 12: UV absorption spectrum of Procyanidin B-l decaacetate in
dioxane.
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Figure 13: UV absorption spectrum of Procyanidin B-3 decaacetate in
dioxane.
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Figures 7, 8, 10 and 11 show a long wavelength tail at 310-320 nm. 
If proanthocyanidin solutions are allowed to stand for 7-10 days a 
yellow color becomes detectable to the eye.
It is speculated that the yellow color is due to some ionized by­
product of the proanthocyanidin because when the pH of an aqueous 
solution of catechin was adjusted to 11.1 the solution turned yellow in 
a matter of minutes. Although the solutions were prepared the same day 
that the absorbance measurements were made, absorbance in the 
wavelength region 310-320 nm may be due to traces of this by-product.
The extinction coefficient at the absorption wavelength maximum, 
the number of chromophores found in the respective dimer, N_, and the 
extinction coefficient per the number of chromophores are presented in 
Table ll. Using the information gained from the absorption measure­
ments, the fluorescence of proanthocyanidins which had been excited 
into their 1LjJ band was investigated.
Monomers Fluorescence-Steady State
Steady state fluorescence measurements were carried out on the two 
monomers, (+)-catechin and (-)-epicatechin, in water and dioxane. 
Excitation at 272, 280 and 292 nm into the 1L^ > absorption band, 
resulted in a broad structureless fluorescence emission spectrum. 
Correction of the emission spectra for instrumental response does not 
change the shape of the curve or the position of the emission maximum. 
The maximum of the fluorescence emission ranged from 310-315 nm. This 
is the first time fluorescence has been reported in (+)-catechin and 
(-)-epicatechin. Excitation at 272, 280 and 292 nm resulted in no 
shift of the emission band. At these excitation wavelengths, the 
quantum yield of fluorescence remained the same for a particular
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Table II
Absorption Characteristics Of 
Proanthocyanidin Monomers And Dimers
Compound Solvent AMax eMax Nc
Catechin Water 279 3,500 2
Epicatechin Water 279 3,400 2
Procyanidin B-l Water 279 6,200 4
Procyanidin B-7 Water 279 5,600 4
Catechin Dioxane 280 3,200 2
Epicatechin Dioxane 280 3,600 2
Procyanidin B-l Dioxane 280 12,000 4
Procyanidin B-7 Dioxane 280 11,000 4
Procyanidin A-2 Dioxane 280 6,500 4
Procyanidin B-l AC Dioxane 271 5,600 4
Procyanidin B-3 AC Dioxane 271 5,200 4
eMax/Nc
1.750
1,700
1,550
1.400 
1,600 
1,800 
3,000
2.750 
1,625
1.400 
1,300
Procyanidin B-l AC =* Procyanidin B-l Decaacetate 
Procyanidin B-3 AC = Procyanidin B-3 Decaacetate 
Molar Extinction Coefficient = sMax (Llters Mole-1 cm-1)
Absorption Maximum * XMax (nm)
solvent within the error of the measurement. Although, the 
fluorescence is independent of excitation wavelength, the monomers' 
fluorescence intensity was sensitive to the solvent. Figures 14 and 15 
show the corrected emission spectra of catechin and epicatechin 
respectively, dissolved in dioxane and in water. The fluorescence of 
the two monomers is about three times more intense in dioxane than in 
aqueous solution. Similar sensitivity to the solvent is not observed 
in the absorption measurements of the monomers. Regardless of the 
solvent the molar extinction coefficient remains about the same for the 
two monomers (Table II). The sensitivity of the monomers' fluorescence 
to the solvent environment is reflected in the quantum yield 
measurements shown in Table III. The quantum yield is about 3 times 
greater in dioxane than in water. The major source of error in the 
quantum yield is related to the inability to accurately measure low 
absorbances (less than 0.1) at the excitation wavelength. Further 
evidence of the sensitivity of the monomer's fluorescence to solvent 
environment can be seen from the measurements in trif luoroethanol. The 
fluorescence of catechin is 1.7 times greater in trifluoroethanol than 
in water.
Monomer Lifetime Measurements
The time dependent fluorescence characteristics of the monomers in 
dioxane and water were also measured. Both monomers, regardless of 
solvent, were fit adequately by a monoexponential decay shown in 
equation (21).
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Figure 14: Steady state fluorescence spectrum of catechin.
1) Dioxane solvent, excitation at 280 nm.
2) Phosphate buffer, pH = 6.8, excitation at 280 nm.
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Figure 15: Steady state fluorescence spectrum of epicatechin.
1) oioxane solvent, excitation at 280 nm.
2) Phosphate buffer, pH = 6.8, excitation at 280 nm.
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Table III
Monomer Quantum Yields In Dioxane And Aqueous Solution
Monomer Solvent
Quantum
Yield Error
Catechin Dioxane 0.30 10
Catechin Buffer 0.11 10
Epicatechin Dioxane 0.29 10
Epicatechin Buffer 0.10 10
All Quantum Yields Measured Relative To Quinine Bisulfate
Temperature = 25° (:
Excitation Range = 272-292 nm
Buffer = Phosphate Buffer pH = 6.8
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F(t) - a^exp(-t/t■£) (21)
Where: F(t) ■ time dependent fluorescent intensity
= pre-exponential factor 
t ■ time
= fluorescence lifetime
Figure 16 and 17 show catechin's decay curve, lamp profile and best fit 
in water and dioxane respectively. These plots of the decay curves 
represent the fluorescence intensity (counts) as a function of time, 
since each channel represents about a .05 ns division of time. The 
chi-squared, 1.01 in dioxane and 1.20 in water, and the random nature 
of the autocorrelation of the residuals indicates a good fit to a 
monoexponential decay. The fluorescence lifetime of the monomers is 
sensitive to the solvent system in the same way as the quantum yield. 
Table IV shows that the lifetime of the monomers is about three times 
greater in dioxane than in water. The monomer lifetimes reported in 
Table IV were averaged from the single curve analyses and were found to 
have a standard deviation of 0.50 ns (25%) and 0.01 ns (1.5%) in 
dioxane and buffer respectively.
The solvent dependence of the lifetime results is consistent with 
what is observed in the steady-state measurement since the quantum 
yield is related to the lifetime by equation (22).
Q = t / t q (22)
Where Q is the quantum yield, t is the observed lifetime of the 
fluorophore and t0 is the lifetime of the fluorophore in the absence of 
non-radiative processes.
Figure 16 j Fluorescence decay of catechin in phosphate buffer, 
pH => 6.8. Excitation wavelength = 280 run. Emission 
wavelength =* 320 nm. Channel width = .05 ns. 
Temperature = 25° C 
Chi-Squared =» 1.20
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Figure 17: Fluorescence decay of catechin in dioxane.
wavelength =* 280 nm. Emission wavelength 
Channel width - 0.05 ns.
Temperature = 25° C 
Chi-Squared =■ 1.01
Excitation 
318 nm.
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Table IV
Monomer Fluorescence Lifetimes and 
Quantum Yields In Dioxane And Aqueous Solution
Monomer Solvent Emission Quantum Taul
Range (nm) Yield (ns)
Catechin
Catechin
Epicatechin
Epicatechin
Dioxane
Buffer
Dioxane
Buffer
314-322
316-324
316-318
316-324
0.30
0.11
0.29
0.10
1.99
0.74
2.04
0.62
Excitation Wavelength Is 280 nm For All Measurements
Temperature = 25° C
Buffer =■ Phosphate Buffer pH «• 6 . 8
Chi Squared 
Range
1.1-1.6 
1.0-1.2 
1.2-1.5 
0.97-1.2
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Fluorescence measurements on the monomers show that the 
fluorescence Intensity and lifetime are both affected by the solvent 
environment. Monomer fluorescence is described by a monoexponential 
decay.
Dimer Fluorescence-Steady State
The fluorescence emission spectra of two dimers of (+)-catechin 
and (-)-epicatechin were measured, in Figure 18 we see a comparison of 
epicatechin(40-»’8}catechin and epicatechin(40-*>6}catechin corrected 
fluorescence spectra in dioxane. Both emission spectra exhibit a broad 
structureless emission with maxima at 310-321 nm. This is the first 
time fluorescence spectra of these dimers have been observed. Although 
the fluorescence spectra of the two mixed dimers resemble the spectra 
of the monomers in dioxane, the quantum yields are different.
The quantum yields of epicatechin(4fl*»8)catechin and 
epicatechin(4@*6)catechin in dioxane are significantly less than the 
quantum yields for the monomers. Table V shows the marked decrease in 
quantum yield for the two dimers when compared to the monomers.
The steady-state fluorescence of two acetylated dimer derivatives 
desolved in dioxane was also studied. The fluorescence emission 
spectra of two decaacetate derivatives are different from the monomers 
and phenolic dimers, as emission is no longer structureless. As in the 
absorption spectra, the fluorescence emission spectra in Figures 19 
and 2 0 show that both decaacetate derivatives exhibit several maxima.
Table V
Quantum Yields Of Monomers And Dimers In Dioxane
.Compound Quantum Yield
Epicatechin 0.2 0
Catechin 0.30
Epicatechin {4g-*8) Catechin 0.07
Epicatechin(46+6)Catechin 0.05
Epicatechin(4@->8 )Catechin Decaacetate 0.03
Catechin(4a^8)Catechin Decaacetate 0.02
Temperature * 25 C 
Excitation Range = 272-280 nm
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Figure 18: Steady state fluorescence spectra of
1) epicatechin(40+8)catechin .0056 mg/ml and
2) epicatechin(43*6)catechin .0053 mg/ml.
Solvent is dioxane. Excitation wavelength = 280 nm.
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Figure 19: Steady state fluorescence spectra of
epicatechin(4B+8)catechin decaacetate . 0 1 1 mg/ml in 
dioxane. 1 ) excitation wavelength = 280 nm 
2) excitation wavelength = 272 nm.
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Figure 20: Steady state fluorescence spectra of
catechin(4a+8)catechin decaacetate . 0 2 mg/ml in dioxane.
1) Excitation wavelength = 280 nm
2) Excitation wavelength = 277 nm
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The largest maximum occurs at 305-309 nm. it is likely that this 
structure in the emission band is due to vibrational spacings in the 
electronic ground state. For epicatechin(40*>,8)catechin decaacetate the 
energy differences between the spacings are 1,694, 1,005, and 1,349 
cnT*. For catechin(4a+ 8 )catechin decaacetate the spacing was found to 
be 1,823 cm” .^ Replacing the hydroxyl groups with acetate groups also 
decreases the fluorescence intensity. Such a decrease in fluorescence 
intensity is reflected in the quantum yield results shown in the 
Table V for the two acetylated dimers in dioxane.
Dimers of catechin and epicatechin in dioxane have a lower quantum 
yield than the monomers. Because the dimers exhibit such low emission 
intensity in dioxane, a measurement of their quantum yield in water was 
not attempted.
Dimers Lifetime Measurements
The lifetime measurements for epicatechin(4B'*’8)catechin, 
epicatechin(4£*6)catechin and epicatechin(48*’-8)catechin decaacetate 
were performed in dioxane. The fluorescence decay for Procyanidin B-l 
and Procyanidin B-7 were be3t analyzed by invoking a biexponential 
function given by equation (2 2 ).
F(t) =* a^exp(-t/t^) + a2 exp(-t/T2 ) (22)
Where: F(t) 3 time dependent fluorescence intensity
al'a2 ” tlle Pre-exPonential weighting factor for 
component 1 and 2 
t^, t2 3 fluorescence lifetimes for 
components 1 and 2
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in Figure 21a the decay curve of Procyanidin B-l in dioxane is fit to a
single exponential [equation (21)]. A poor fit to this function is
indicated by a large x of 2.52 and the non-random nature of the
autocorrelation function for the residuals. When the same data in
Figure 21b are fit to a sum of two exponentials, an improved fit 
2
results. A x of 1*08 and the random fluctuation in the 
autocorrelation function for the residuals signify a marked improvement 
in fit. A similar analysis was done for the fluorescence decay of the 
other phenolic dimer, Procyanidin B-7. It's fluorescence decay curve 
was also best fit to a biexponential decay.
The analysis of the fluorescence decay of 
epicatechin(4 0*8)catechin decaacetate in dioxane was more complex. The 
decaacetate derivative could not be satisfactorily fit by a sum of two 
exponentials. The poor fit to a biexponential function is indicated in 
Figure 22a by a high x of 1*87 and nonrandom autocorrelation of the 
residuals. The same data is fit to a sum of three exponentials as 
shown in equation (23).
F(t) = o1 exp(-t/T1) + a2 exP(-tA 2 * + a 3exp(-t/i3) (23)
Where: F(t) = time dependent fluorescence intensity
a^, a a 3 3 preexponential factors for components 1, 2 & 3
Tlr x 2' t3 “ fiuorescence lifetimes for components 1, 2 & 3
The fit to equation (23) illustrated in Figure 22b. The falls to
1.19 and a random autocorrelation of the residuals results.
The results from the single curve analyses for Procyanidin B-l, 
Procyanidin B-7 and Procyanidin B-l decaacetate are compiled in the 
Tables VI, VII, and VIII respectively. The data for Procyanidin B-l
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Figure 21: Fluorescence decay curves for Procyanidin B-l in dioxane.
Excitation wavelength = 280 nm 
Emission wavelength - 315 nm 
Temperature «* 25° C
a) Data fit to single exponential function.
2b) Data fit to bi-exponential function x a 1.08
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Figure 22: Fluorescence decay curves for Procyanidin B-l decaacetate
in dioxane. Excitation wavelength = 280 nm 
Emission wavelength = 330 nm 
Temperature = 25 ° C
2a) Data fit to bi-exponential function x = 1.87
b) Data fit to tri-exponential function x ° 1*19
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Table VI
Pluorescence Lifetimes And 
Pre-exponential Factors For Procyanidin B-l in Dioxane
Emission Alphanl Taul Tau2
Wavelength(nm)
310 0.63 1.20 1.75
310 0.90 1.33 2.10
315 0.83 1.30 1.90
315 0.93 1.33 2.33
320 0.63 1.22 1.72
320 0.62 1.18 1.74
325 0.54 1.12 1.68
330 0.67 1.19 1.79
330 0.98 1.38 2.86
Avg. 0.75 1.25 1.99
Std. Dev. 0.15 0.08 0.37
Range of Chi-Squared .94-1.28 
Alphanl => + a 2 )
All Taus Reported In Nanoseconds
Excitation Wavelength For All Measurements is 280 nm 
Temperature * 25° C
Table VII
Fluorescence Lifetimes And 
Pre-exponential Factors For Procyanidin B-7 In Dioxane
Emission Alphanl Taul Tau2
Wavelength(nm)
310 0.96 1.16 2.47
315 0.89 1.10 1.92
320 0.77 1.04 1.70
325 0.76 1.01 1.68
330 0.87 1.07 1.94
Avg. 0.85 1.08 1.94
Std. Dev. 0.08 0.05 0.29
Chi Squared Range = 1.01 - 1.36 
Al 1 Taus Report In Nanoseconds
All Measurements Made At Excitation Wavelength of 280 nm 
Temperature “ ,25° C
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Table VIII
Fluorescence Lifetime And 
Pre-exponentials For Procyanidin B~1 Decaacetate in Dioxane
Emission 
Wavelength(nm)
315
315
315
315
320
325
325
325
330
335
Alphanl Taul
0.94
0.95
0.91
0.94
0.91
0.93
0.86
0.92
0.82
0.78
0.46
0.53
0.44
0.53
0.53
0.58
0.43
0.46
0.49
0.51
Alphan2
0.06
0.05
0.09
0.06
0.09
0.07
0.14
0.08
0.18
0.22
Tau2
1.41
1.76
1.21
1.51
1.52 
1.83 
1.14 
1.44 
1.29 
1.23
Tau3
6.38
6.60
6.09
6.57
6.91
7.85
6.31
6.76
7.35
7.62
Avg. 0.90 0.48 0.10 1.40
Std. Dev. 0.05 0.05 0.05 0.22
Chi-Squared Range = .99 - 1.37
Alphanl =* a^/(a^ + 0 2  + 0 3 ) r Alphan2 = + (^ +
All Taus Reported In Nanoseconds
All Measurements Made With Excitation Wavelength Of 280 nm
6.84
0.56
Temperature = 25 C
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and Procyanidin B-7 are reported as the sum of two exponentials. The 
data for Procyanidin B-l decaacetate is reported as a sum of three 
exponentials. The third component of Procyanidin B-l decaacetate was 
neglected because it contributed 1 % or less to the overall decay curve.
Each dimer's set of decay curves was analyzed as a group by a 
global analysis routines. A summary of the global analysis for the 
three dimers, Procyanidin B-l, Procyanidin B-7 and Procyanidin B-l 
decaacetate, in dioxane has been condensed into Table XX.
The decay curves of Procyanidin B-l and Procyanidin B-7 are both 
fit satisfactorily to a sum of two exponentials. Although Procyanidin 
B-l decaacetate is best described by a sum of three exponentials, we 
have reported only two of the three components in Table IX. This is 
justified since the third component contributes 1 % or less to the 
overall decay curve. For each of the three dimers in dioxane the 
shorter lifetime of the decay curve is the major component, about 80%, 
whereas the longer lifetime corresponds to the minor component, about 
20%.
The time dependent fluorescence of the dimers in dioxane departs 
dramatically from what is observed for the monomers in dioxane. The 
fluorescence decay curve for the monomers can be adequately described 
by a monoexponential function with characteristic lifetime of 2 . 0 ns. 
However, the dimers' fluorescence in dioxane cannot be so simply 
described. A biexponential decay must be used to describe their 
decay curves.
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Table IX
Comparison Of Lifetimes Of Dimers 
In Dioxane Using A Global Analysis Of Decay Curves
Global
Compound Alphanl Taul Alphan2 Tau2 Chi-Squared
Procyanidin B-l 0.80 1.27 0 . 2 0 1.92 0.90
Procyanidin B-7 0.83 1.06 0.17 1.79 0.91
Procyanidin B-l decaacetate 0.83 0.46 0.16 1.16 1.23
All Taus Reported in Nanoseconds
All Measurements Made With Excitation Wavelength Of 280 nm 
Temperature = 25° C
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Structure 0£ Procyanidin A~2
Procyanidin A-2, a 4(J-*'8 linked dimer of epicatechin, has little 
rotational freedom about its interflavan linkage. Figure 23 shows the 
difference between two 40-*-8 linked dimers, Procyanidin B-l and 
Procyanidin A-2. The upper panel shows Procyanidin B-l. The upper 
unit and bottom units have hindered rotation about the interflavan 
bond, C4-C8. Rotation about the interflavan bond is completely 
prohibited in Procyanidin A-2. This 40 + 8  linked dimer of epicatechin 
is depicted in the bottom panel of Figure 23. The introduction of a 
new bond between C2 of the upper unit and the oxygen attached to C7 of 
the bottom unit produces a new six-member ring. This new ring or 
bridge in Procyanidin A-2 eliminates any rotational freedom about the 
interflavan linkage and results in a single conformation about the 
interflavan linkage.
Steady State Fluorescence Of Procyanidin A-2
The steady-state fluorescence spectrum of procyanidin A-2 in 
dioxane is shown in Figure 24. As can be seen, it is a broad, 
structureless fluorescence emission with a maximum at 310 nm. As 
expected, this fluorescence emission is not much different from that 
observed with unrestricted procyanidin dimers such as Procyanidin 
B-l and B-7 in dioxane.
Time Dependent Fluorescence Of Procyanidin A-2
The fluorescence lifetime of Procyanidin A-2 was determined in 
dioxane. Figure 25a displays the Procyanidin A-2 decay profile, 
computer generated fit and lamp profile for a fluorescence decay 
described by single exponential. For comparative purposes.
Figure 23: Structure of Procyanidin B-l and Procyanidin A-2.
Upper panel - Procyanidin B-l.
Lower Panel - Procyanidin A-2 (Bridged dimer).
Z6
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Figure 24: Steady state fluorescence spectrum of Procyanidin A-2 in
dioxane. Concentration => .005 mg/ml. Excitation 
wavelength = 280 nm.
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Figure 25: Fluorescence decay curves for Procyanidin A-2 in dioxane.
Excitation Wavelength = 280 nm 
Emission wavelength = 320 nm 
Temperature =* 25° C
2
a) Data fit to single exponential function, x = I*1 2
2
b) Data fit to bi-exponential function, x “ 1*08
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Figure 25b shows the same data for Procyanidin A-2 fit by a sum of two 
exponentials. The monoexponential fit seems to describe the 
fluorescence decay of Procyanidin A-2 adequately. The chi-squared is 
1 . 1 2  and the autocorrelation function of the residuals shows no 
significant improvement in the fit when a bi-exponential function is 
invoked to describe the decay curve. The chi-squared is slightly lower 
at 1.08 and the autocorrelation function of the residuals shows little 
or no improvement. This result suggests that Procyanidin A-2 is best 
described by a single exponential decay with a lifetime of fluorescence 
of 1.1 ns. Shown in Table X are the results from single curve analyses 
for the fluorescence decay of Procyanidin A-2 at various emission 
wavelengths. Table X shows that the lifetime of procyanidin A-2 in 
dioxane is independent of emission wavelength and is best described by 
a monoexponential decay.
Procyanidin A-2 and Procyanidin B-l, also a 40+8 linked dimer
exhibit differences in the type of function which best describes their
respective decay curves. Table XI compares the lifetimes of
fluorescence for Procyanidin B-l and Procyanidin A-2 in dioxane.
Procyanidin B-l Decaacetate In 
Nitrobenzene - HMR Measurements
The 400 MHz *H-NMR spectra of epicatechin(40*8)catechin 
decaacetate, was measured at 25° C in nitrobenzene. The resulting 
spectrum is shown in Figure 26. The assignments were made based on 
their chemical shifts relative to TMS, their splitting patterns and 
direct comparison to the spectra reported by Rauwald®® for this 
compound in nitrobenzene. The spectrum obtained in this work 
reproduces the results obtained by Rauwald. Following Rauwald, two
Table X
Fluorescence Lifetimes For 
Procyanidin A-2 in Dioxane (Bridged Dimer)
Emission
Wavelength(nm) Alphanl Taul Chi-Squared
310 1.00 1.06 1.31
315 1.00 1.07 1.09
315 1.00 1.04 1.20
320 1.00 1.07 1.32
320 1.00 1.07 1.12
325 1.00 1.07 1.35
325 1.00 1.07 1.19
330 1.00 1.06 1.33
Average 1.06
Std. Dev. 0.01
All Taus Are Reported In Nanoseconds 
Temperature = 25° C
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Table XI 
Comparison Of Lifetimes Of Free 
And Bridged Divers In Dioxane
Compound Alphanl Taul
Procyanidin B-l (Free) 0.80 1.27
Procyanidin A-2 (Bridged) 1.00 1.06
Temperature =■ 25° C 
Alphanl = ctj/fo^ + a2)
All Taus Reported In Nanoseconds
Tau2
1.92
100
Figure 26: 400 MHz ^H-NMR spectrum of Procyanidin B-l decaacetate
dissolved in deuterated Nitrobenzene. All chemical shifts
in ppm relative to TMS. Temperature = 25° C.
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peaks are assigned to nine protons, as shown in Table XII. Figure 27 
displays the structure of Procyanidin B-l decaacetate with the labeling 
scheme for the protons referenced in Table XII. Since the minor peaks 
for Hg and Hg' overlap each other, the peak integral calculated for the 
minor rotamer of Hg has contributions from both Hg and Hg1. The 
rotamer populations for these two protons were calculated using 
equation (24) and (25).
ROT =* [PI(Hg) + PI(Hg')] / [PI(Hg) + PI(Hg’) + PIM(Hg) ] (24)
MROT =■ [PIM(Hg) ] / [PI (Hg) + PI (Hg' ) + PIM(Hg) ] (25)
Where: ROT =* major rotamer population for Hg and Hg*
MROT * minor rotamer population for Hg and Hg'
PI 3 peak integral for major rotamer
PIM > peak integral for minor rotamer
The assignment of two peaks to one proton can be explained by the 
existence of two distinct environments that interconvert slowly on the
NMR time scale. Rotation about the interflavan linkage, (C4-C8),
places a particular proton in a different environment. If such an 
interconversion of rotational isomers is slow on the NMR time scale, 
two resolved resonances should result with different chemical shifts. 
Measurement of the peak integrals yields the relative population of 
each of the isomers. The existence of rotational isomers for 
Procyanidin B-l decaacetate in nitrobenzene was reported by Rauwald
e g
previously. Foo and Porter report rotational isomers by NMR 
techniques for other decaacetate derivatives of procyanidin dimers 
where CDCI3 and d^-nitrobenzene were the solvents.
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Table XII
Chemical Shifts And Peak Integrals 
For Procyanidin B-l Decaacetate In Deuterated Nitrobenzene At 25° C
proton
Chemical
Major
Shift
Minor
Peak : 
Major
Integral
Minor
Hf *(1> 2.65 3.00 0.240 0 . 0 2 0
Hf<2 ) 3.28 3.18 0.168 0 . 0 1 2
Hc <3> 4.91 5.05 0.154 0.025
Bb (4) 5.72 5.67 0.161 0.042
Ha <5) 5.99 5.79 0.154 0.035
Hg(6 ) 6.58 6.95 0.128 0.030
H6 £7) 6.44 6.89 0.145 0.050
H6 '{8 ) 6 '. 97 6 . 8 8 0.125 *
He(9) 5.45 5.51 0.203 0.040
Rotamer 
Populations 
Major Minor
0.92 0.08
0.93 0.07
0.86 0.14
0.79 0.21
0.82 0.18
0.81 0.18
0.84 0.16
0.84 0.16
0.84 0.16
Average 
Std. Dev.
0.85 0.15
0.05 0.05
*Peak Integral For Hg' Combined In Peak Integral For Hg 
Chemical Shifts Reported Relative To Tetramethyl Silane (TMS)
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Figure 27: Structure of Procyanidin B-l Decaacetate with protons
labelled
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Further evidence for rotational isomerism in Procyanidin B-l 
decaacetate is supported when the ^H-NMR spectrum is obtained at 
elevated temperatures (T>25° C) in d^-nitrobenzene. Figure 28 shows 
the ^ yNMR spectra for Procyanidin B-l decaacetate in deuterated 
nitrobenzene at three different temperatures, 25° C, 100° C and 170° C. 
At 25° C the NMR spectra show a major and minor resolved resonance for 
each of the significant protons. At 100° C the NMR spectrum's peaks 
become broadened and one no longer can distinguish between the major 
and minor resonances. Finally, at 170° C the spectrum peaks of 
Procyanidin B-l decaacetate resharpen and there is an absence of minor
CQ
peaks. Rauwald reports a similar disappearance of the minor 
resonances for Procyanidin B-l decaacetate in d5~nitrobenzene at 
170° C. Other works32'-*3 report first order ^H-NMR spectra for other 
acetylated derivatives of catechin and epicatechin dimers in
32 33 59dg-nitrobenzene at elevated temperatures. These previous works ' '
al 1 attribute the appearance of major and minor resonances in the 
dimers at lower temperature to rotational isomerism. The relative 
rotamer populations may be deduced from the peak integrals of the major 
and minor peaks. At elevated temperatures interconversion of 
rotational isomers occurs more easily and a first order ^irNMR spectrum 
results.
Procyanidin B-l Decaacetate In Dioxane
The fluorescence of epicatechin and catechin cannot be studied in 
nitrobenzene, in order to provide a direct comparison of NMR and 
fluorescence measurements, the 1 H-NMR spectrum of Procyanidin B-l 
decaacetate in deuterated dioxane was measured at room temperature.
The spectrum is shown in Figure 29. it shows major and minor
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Figure 28: 400 MHz ^H-NMR Spectra of Procyanidin B-l decaacetate at
a) 170° C
b) 100° C
c) 25° C
Solvent is deuterated Nitrobenzene. All chemical shifts 
in ppm relative to TMS.
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Figure 29: 400 MHz ^H-NMR Spectrum of Procyanidin B-l decaacetate in
deuterated dioxane.
Temperature * 25° C.
All chemical shifts in ppm relative to TMS.
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resonances which can be assigned to a single proton in the same way as 
was done for Procyanidin B-l decaacetate in dg-nitrobenzene. The 
chemical shift assignments relative to TMS, the peak integrals and 
relative populations of the major and minor resonances for a particular 
proton are shown in Table XIII. Assignments were based on the chemical 
shifts, splitting of peaks and comparison to other ^H-NMR spectra of
1 5  1 3  e g
similar decaacetate derivatives. ' '  A reason that the minor peaks
of and Hf 1 are not observed is that they might be obscured by some
other peaks. The appearance of major and minor peaks for a particular
proton indicated two rotational isomers exist in dioxane. The relative
populations of the major and minor rotamer were determined by the
values for their peak integrals. Hb and He minor resonances could not
be separated. Their respective resonances both occur at chemical
shifts of about 5.27 ppm. Therefore, the peak integral at 5.27 ppm
reflects contributions from both Hb and He minor rotamer. By using
equations (24) and (25), the rotamer populations for these two protons
were calculated in a similar manner as rotamer populations for the
protons Hg and Hg’ of the decaacetate dimer in nitrobenzene. The
relative populations of the major and minor rotamer are nearly
identical with those observed for Procyanidin B-l decaacetate in
nitrobenzene. The existence of rotational isomers for Procyanidin B-l
decaacetate is consistent with 'h-NMR results for other procyanidin
32 33 5Qdecaacetate dimers reported previously.
Discussion of Fluorescence Results 
Introduction
The question arises as to what physical significance may be 
ascribed to the biexponential decay for the dimers. The difference in
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Table XIII
Chemical Shifts And Peak Integrals 
For Procyanidin B-l Decaacetate In Deuterated Dioxane At 25° C
Rotamer
Chemical Shift Peak Integral Populations
Proton Major Minor Major Minor Major Minor
Hf'U) 2.55 * 1.19 *
Hf<2 ) 3.15 ★ 1.14 *
Hc (3) 4.39 4.55 0.92 0.15 0 . 8 6 0.14
Hb (4) 5.28 5.28 1.07 0.46 0.81 0.19
Ha(5) 5.51 5.36 1 . 0 1 0 . 2 2 0.82 0.18
H8 (e> 6.28 6.75 0.95 0.19 0.83 0.17
H6 (7) 5.90 6 . 6 8 0.95 0.14 0.87 0.13
Hg-CS) 6.62 6.55 0.93 0.13 0 . 8 8 0 . 1 2
He(9) 5.11 5.27 0.94 ** 0.81 0.19
Average 0.84 0.16
Std. Dev 0.03 0.03
*No Evidence Of Minor Peaks For Hf and Hf '
**Hb and H@ Minor Peak Integrals Cannot Be Resolved So
Reported As One In Hb
All Chemical Shifts Reported Relative To Tetramethyl Silane (TMS)
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types o£ decay curves (Table IV and Table IX) for monomer versus dimer 
was the first evidence that rotational isomers might be responsible for 
the observed heterogeneity of fluorescence in the dimers. This 
hypothesis was tested further by taking the fluorescence lifetime 
results for the acetylated derivative of Procyanidin B-l and comparing 
them with results obtained by high field NMR for the acetylated dimer. 
NMR vs. Fluorescence Results For Procyanidin B-l
Results from ^H-NMR and time dependent fluorescence were compared 
for Procyanidin B-l decaacetate at 25° C in order to confirm the 
hypothesis that the origin of the heterogeneity in the fluorescence 
decay of procyanidin dimers was due to rotational isomers. Table XXV 
reports the relative populations predicted by ^h-NMR by the spectra and 
compares it with other NMR work. The spectra predict approximately the 
same rotamer populations as do those measured by Rauwald.3® Comparison 
of rotamer populations predicted by ^H-NMR with the major and minor 
components of lifetime data reveal similar magnitudes for the major and 
minor components. These data for the free dimers, taken in conjunction 
with the raonoexponential decay for the bridged dimer proves, that the 
two lifetimes in the free dimer are due to two rotational isomers.
If it is correct that rotational isomerism in dimers of catechin 
and epicatechin are responsible for the heterogeneity in the 
fluorescence decay, then the pre-exponential factors, alpha, should 
reflect the relative populations of the major and minor rotamer. Both
methods, NMR and fluorescence, predict similar relative populations.
32A previous paper by Fletcher at al. reports that phenolic forms 
of Procyanidin B-l gave a first order spectrum in deuterated acetone at 
25° C. Foo and Porter3 3 also report the absence of major and minor
1X4
resonances for a particular proton in phenolic dimers of epicatechin 
and catechin. However, the fluorescence decay of the phenolic form of 
Procyanidin B-l gives evidence of similar rotational populations as in 
the decaacetate derivative. These two observations can be explained by 
the two time frames which are operating in NMR and fluorescence. The 
difference in *H-NMR spectra for the phenolic and decaacetate forms of 
the dimers at room temperature may be attributed to the presence of
bulky acetate functions which increase the rotational barrier.
3?Fletcher's work indicates that in phenolic dimers the rotational 
barrier is low enough at room temperature that interconversion is 
"fast" on the NMR time scale (0.5-10 msec) and a first order spectrum 
results. Fletcher only observes rotamer populations in the free 
phenolic dimers in deuterated acetone by ^H-NMR. when temperatures are 
lowered to 0° C.2 2  This observation establishes that rotational 
isomers are present in the phenolic forms of the dimers, but they are 
only observed by NMR when interconversion is slow. In fluorescence, 
the time scale is on the order of nanoseconds which allows this 
technique to distinguish between both rotational isomers at room 
temperature. This is evidenced in Table XIV where the fluorescence 
decay of the phenolic dimer, Procyanidin B-l, in dioxane has similar 
rotational populations as those reported for the acetylated derivative.
The fluorescence lifetimes of procyanidin dimers demonstrate that 
rotational isomers exist. Knowledge of the pre-exponential factors 
allows the relative rotamer populations to be assigned. Fluorescence 
alone cannot identify the structure of the major rotamer.
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Table XIV
Comparison Of Averaged NMR Values With 
Averaged Pre-Exponential Values For Procyanidin B-l
And Procyanidin B-l Decaacetate In Dioxane And Nitrobenzene
Average NMR Data Fluorescence Dati
Dimer Solvent Maj Rot Min Rot Alphanl Alphan2
Pro B-lA N02Benz 0.85 0.15
Pro B-lA N02Benz 0.83 0.17*
Pro B-lA Dioxane 0.84 o .ie 0.83 0.16
Pro B-l Dioxane ** ** 0.80 0 . 2 0
CQ
* NMR Data From Rauwald
** First Order NMR Spectra Reported By Foo And Porter at 25° C3 3  
All Sets Of Data Acquired At 25° C 
N02Benz = Nitrobenzene
Pro B-1A ■ Epicatechin(43*8}Catechin Decaacetate 
Pro B-l =» Epicatechin{43+8) Catechin 
Alphanl ■ a^/(c^ + o^)
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Comparison Of Fluorescence Results 
With Molecular Mechanics Results
By means of molecular mechanics calculations, Viswanadhan and 
21Mattice have also shown that dimers of catechin and epicatechin have 
rotational isomers. A series of sixteen dimers of catechin and 
epicatechin all exhibit a two fold rotation about the bond which links 
the two monomer units. Figures 2a and 2b show the structures of the 
Procyanidin B-l and Procyanidin B-7 respectively. The fluorescence 
lifetimes for these two dimers were reported previously in this 
dissertation (Table IX). The atoms C(3)-C(4)-C(8)-C{9) define the 
dihedral angle for the interflavan linkage in Procyanidin B-l. The 
atoms C(3)-C(4)-C(6)-C{5) define the interflavan linkage in Procyanidin 
B-7. The mean planes of the two fused ring systems are approximately 
perpendicular to one another at the minimum energy conformations.
Severe steric interactions occur when the dihedral angle for the 
interflavan linkage is 0 ° or 180°.^
The combination of molecular mechanics and fluorescence permits an 
assignment of a particular rotamer to a particular lifetime. We assign 
the lifetime with the larger pre-exponential factor to the rotamer 
which has the lower energy in the molecular mechanics calculation. In 
Table XV the assignment of major and minor rotamers to a particular 
lifetime is shown for two dimers whose fluorescence lifetimes were 
measured in dioxane. The relative populations of the two rotational 
isomers is more accurately assessed by fluorescence than by molecular 
mechanics. The value of a^/(a^ + 0 2 ) can be measured more accurately 
than the value of expt-Ej/kTj/fexpt-E^kT) + exp(-E2 /kT)J can be 
calculated. The values E^ and E2 refer to the two energies from the 
molecular mechanics calculation.
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Table XV
Assignment Of Rotamers 
To Fluorescence Lifetimes Via Molecular Mechanics Calculations*
Dimer Al Taul Dihedral Energy A2 Tau2 Dihedral Energy
Angle Angle
Pro B-l 0.80 1.3 104° -5.1 0.20 1.9 -82° -1.5
Pro B-7 0.83 1.1 -80° 0.1 0.16 1.8 94° 3.4
A l 1 Taus Reported in Nanoseconds 
Energies Reported In KCAL/MOL
Al = “i/t®! + <*2 *
A2 = a 2/ ( a 1 * a2)
Pro B-l = Epicatechin(4$+8)Catechin 
Pro B-7 = EpicatechinHB+SjCatechin 
*MM2 Data From Viswanadhan And Mattice^
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In Figure 2a the structure of the major rotamer of 
epicatechint48+8)catechin may be envisioned if one places the fused 
ring system of the top monomer unit in the plane of the paper. Then 
the fused ring system of the lower monomer unit is approximately 
perpendicular to the fused ring system of the upper unit with the 
dihydroxy benzene of the lower unit projecting out of the plane of the 
paper towards the viewer. The minor rotamer’s fused ring systems are 
also approximately perpendicular to one another but now the 
dihydroxybenzene of the lower unit is projecting behind the plane of 
the paper away from the viewer.
It has been shown that the origin of the heterogeneity in the 
fluorescence decay of procyanidin dimers is due to rotational 
isomerism. With the aid of molecular mechanics calculations, a 
particular rotamer was assigned to each of the lifetimes predicted 
by the fluorescence decays for the dimers. The relative rotamer 
populations from the fluorescence measurements provide the basis for a 
rotational isomeric state calculation of the dimensions and 
characteristics of high polymer of catechin and epicatechin.
Homopolymers Of Catechin And Epicatechin Linked C(4)-C(6) 
Introduction
The dimensions and conformations of higher oligomers and polymers 
of catechin and epicatechin are controversial. Haslam used CPK models 
in conjunction with the conformational restraints indicated by ^H-NMR
for C(4)-C(8) linked dimers to construct homopolymers of catechin and
1 32epicatechin. ' He concluded that polymers constructed from
{-)-epicatechin form left handed helices and polymers constructed with
(+)-catechin form right handed helices.
Pizzi et. al. used conformational analysis of C(4)-C(8) and C(4)- 
C(6 ) linked oligomers to elucidate the structure of proanthocyanidin 
polymers. He finds that dimers that are C(4)-C(6) or C(4)-C(8) 
linked have a single conformational energy minimum. This suggests that 
there are no rotational isomers present in the dimers. Similar 
conformational analyses of C(4)-C(6) linked trimers yield four 
conformational energy minima of approximately equal energy. These two 
results seem to be in conflict with one another. When a C(4)-C(6) 
linked octamer is considered, Fizzi finds that it forms a helix with 
approximately four flavanoid steps for a 360 degree rotation. He
61concludes from this analysis that proanthocyanidins form helices.
Other workers used vapor pressure osmometry, low angle laser light 
scattering and comparative gel permeation chromatography against linear
polystyrene standards to determine weight and number average molecular
2 62weights of acetylated polymers of catechin and epicatechin. '
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They found that procyanidin polymers are more compact than polystyrene 
and possess a globular structure rather than a linear structure.
In order to resolve this controversy, this work uses the data 
gained from molecular mechanics calculations for the rotational isomers 
of sixteen dimers of catechin and epicatechin.^ From these 
calculations, the appropriate bond lengths, bond angles, and dihedral 
angles have been extracted and used to construct a rotational isomeric 
state model for the homopolymers of catechin and epicatechin which have 
an interflavan linkage between C(4) of one monomer and C(6 ) of its 
neighbor. The nature of the helices and the unperturbed dimensions for 
these homopolymers have been investigated.
Rotational Isomeric State Treatment Of
C(4)-C(6) Linked Homopolymers Of Catechin And Epicatechin
The catechin and epicatechin polymer chain dimensions were
determined by application of rotational isomeric state theory as
outlined by Flory. ® ^ ' 6 4  Figure 30 shows the fused ring systems for a
triraer in which neighboring monomers are linked through C{4) to C(6 }.
The bonds which are involved in generating the chain are depicted in
bold lines and such bonds numbered sequentially. Each bond may be
expressed as a bond vector, 1 ^ =* col (1 ,0 ,0 ), in a local coordinate
system shown in Figure 31.®4 If the number of repeat units, x, in the
polymer has n bonds, then in order to determine the chain displacement
64vector, r, the following relation is used:
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Figure 30: Numbering and bonding scheme for a proanthocyanidin trimer
used in the rotational isomeric state model for C(4)-C(6) 
linked homopolymers. r is end to end vector for trimer.
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Figure 31: Local coordinate system used to express bond,
(Redrawn from reference #63)
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denotes the matrix which transforms bond i+ 1  into the coordinate 
system of bond i. The transformation matrix, Ti# is a 3 x 3 matrix with 
the following elements.
cos 0 j
sin G^cos
sin G^sin
sin G^
-cos G^cos 4^
-cos G^sin
sin
-cos
Ti (27)
The supplement of the bond angle for bond i is 9^ and the dihedral 
angle at bond i is The planar trans conformation is defined as
having a = 0. The following generator matrices, , were formed to 
calculate the displacement vector r for homopolymers of catechin and 
epicatechin. The subscript on the generator matrix refers to the bond 
denoted in the bonding scheme shown in Figure 30.
CTi h ] (28)
(1 -f )
0
Te
1
H
r
—'T
H1
. 
*
(f“ )
0  1 0  1
5
1
L5
1
(29)
(30)
(31)
(32)
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(33)
(34)
(35)
p 8 3 P4' P9 = P5' F10 * P6 ' F11 ” P7' etc- (36)
21Molecular mechanics data indicates that there is a two fold rotation 
about the interflavan linkage. The two rotational isomers will be 
referred to as the (+)rotamer and (-)rotamer since interconversion 
between the two isomers requires approximately a 180 degree rotation 
about the interflavan linkage. The generator matrix for bond 4 
includes two transformation matrices, T 4 and T to account for the 
two dihedral angles and two bond angle supplements which describe the 
respective rotational isomer. The'generator matrix for bond 4 also 
includes f~ to account for the fraction of the catechin or epicatechin 
dimers which adopt a (-)rotamer conformation. A rectangular null 
matrix is denoted by 0. The dimensions for F2, F^ , f6 and F-j are 4 x 4  
square matrices. The dimensions for F^ and Fg are 4 x 8  and 8 x 4  
respectively. The dimensions of the two end generator matrices, F^ and 
Fn, are 3 x 4  and 4 x 1 ,  respectively. If x is the number of catechin 
and epicatechin repeat units in the chain, then the average of the 
chain displacement vector, <r>,.for homopolymers of catechin and 
epicatechin that are linked through C(4)-C(6) gained by multiplying the 
generator matrices as shown in equation (36).
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<r>x " FlF2F3'F4F5F6F7)X"2F4F5F6Fn
for x£ 2
(36)
A similar generator matrix scheme is formulated to obtain the
A A
square magnitude of the end to end vector. The square magnitude of 
the end to end vector is given by:
r2 = E 1-2 * 2S h Th Th+ 1 Tj- 1 (37)
h<j
In equation (37) 1^T is the transposed, or row form, of .bond vector
which has a magnitude of 1^. Each term in the double sum is the scalar
product of a pair of bond vectors, h, j. The following generator
matrices were formulated in order to evaluate equation (37) for
homopolymers of catechin and epicatechin which are linked through C(4) 
64to C(6 ),
°1 ■ 0  21iTt i H 2]
2 '1 212 TT2
1 2 1 3TT3
(1-f )
1 2 1 4Tt4+ 1 42 1 2 1 4Tt4 1 21  4
0 T4 14 (f“) 0 *4 *4
0 0  1 0 0 1
(38)
(39)
(40)
(41)
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1
0
0
1
0
0
215Tt5
’8 Gq = Ge, G
2X5TT5
5
0
5
le
:
1 21 1 4 1 6 6 6
1 217TT7 17:
(42)
(43)
(44)
(45)
10 G6 ' G 1 1 G lt etc. (46)
Once again the generator matrix for bond 4, G^, includes the 
transformation matrices, and , for the two rotational isomers. 
The generator matrix for bond 4 also includes f~ to account for the 
fraction of the catechin or epicatechin dimers which adopt a (-)rotamer 
conformation. The dimensions of G2 , G3 , G& and G7 are 5 x 5 .  The 
dimensions for G^ and Gg are 5 x 10 and 10 x 5 respectively. The two 
end matrices, G^ and Gn, have dimensions of 1 x 5 and 5 x 1  
respectively. If x is the number of catechin and epicatechin repeat 
units in the chain, then the average of the square magnitude of the end
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to end vector, <r >Q, for horaopolyraers of catechin and epicatechin that 
are linked through C(4)-C(6) is gained by multiplying the generator 
matrices as follows:
<r2 >c,* - G1 a 2 «3 <G4 G5 G 6 B 7 > X ' 2 «4 GS G 6 Gn <«>
for x£ 2
The subscript zero serves as a reminder that the averaging yields the 
mean squared end-to-end distance for the chain immersed in a theta 
solvent. The information required for computation of <r> „ is
0 | A
n
sufficient for the computation of <r >„
Each of the generator matrices, and require that the bond
length, the supplement of the bond angle and the dihedral angle of bond
i be known. This information was extracted from molecular mechanics
21calculations for sixteen dimers of catechin and epicatechin. These 
data are listed in Table XVI for the four dimers with C(4)-C(6} 
interflavan linkages and an equatorial position for the dihydroxy 
benzene at C(2) of the fused ring system.
The data in Table XVI indicate that, with the exception of bond 
#4, the bond angles and dihedral angles are independent of the 
particular rotational isomer. Bond angles and dihedral angles for this 
bond vary significantly depending on the rotational isomer. With the 
data in Table XVI, the generator matrices may be constructed.
Equations (36) and (46) allow evaluation of the end to end vector and 
the square magnitude of the end to end vector. The dependence of the 
unperturbed dimensions on chain length, fraction of rotational isomer, 
and type of linkage, alpha or beta, was investigated for the 
horaopolyraers of epicatechin and catechin which are linked by C(4)-C(6) 
interflavan bonds.
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For
Dimer
EPI (4a-*>6)EPI
CAT(4a-*-6)CAT
Table XVI
Bond Lengths, Bond Angles And Dihedral Angles 
C(4)-C(6) Linked Dimers Of Catechin Or Epicatechin
Bond Bond Dihedral
Bond# Length Angle Angle
(A) Supplement
1 1.40 62.1 0.0
2 1.40 60.5 0.5
3 1.52 66.0 46.6
4(+) 1.53 68.1 34.0
4(—) 1.53 60.1 -144.0
5 1.41 60.4 0.3
6 1.41 60.6 -0.2
7 1.51 68.4 -139.7
1 1.40 62.1 0.0
2 1.40 60.5 0.9
3 1.52 65.8 47.8
4(+) 1.53 59.6 42.0
4(-) 1.53 59.7 -140.0
5 1.41 60.5 -1.5
6 1.41 60.5 1.2
7 1.51 68.9 -137.9
Table XVI continued. . .
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Table XVI (contd.)
Dimer
EPI(4B+6)EPI
Bond#
1
2
3
4( + ) 
4 (—)
5
6 
7
Bond
Length
( A)
1.40
1.40
1.51
1.53
1.53
1.41 
1.40
1.51
Bond
Angle
Supplement
61.6
61.1
63.7
62.2
55.6 
60.1
60.6 
72.3
CAT(43+6)Cat 1
2
3
4( + ) 
4 (— )
5
6 
7
1.40
1.40
1.51
1.53
1.53
1.41 
1.40
1.51
62.5 
60.1 
64.9 
62.0 
56.3 
60.0
60.5
68.5
Bond # Refers To Numbering Scheme In Figure 30 
Bond Angles And Dihedral Angles Reported In Degrees 
Dihedral Angle » 0.0 For Planar Trans Configuration 
4{+) = Bond #4 Data For (+)Rotamer 
4(— ) = Bond #4 Data For (-)Rotamer
Dihedral
Angle
0.0
0.0
-71.0
156.0 
- 20.0
-1.4
0.8
103.0
0.0
0.8
-69.5
150.0 
-30.0
-1.3
0.6
102.0
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Unperturbed Dimensions Of C(4)-C(6)
Linked Homopolymers Of Catechin And Epicatechln
48~»6 Linked Homopolymers
The mean squared end to end distance and end to end vector for the
homopolymers of epicatechin and catechin with an equatorial dihydroxy
benzene at C(2 ) and a 48+6 linkage pattern were calculated for various
degrees of polymerization and various fractions for a particular
rotational isomer. The characteristic ratio is denoted by Cr n, where
the subscript r refers to the radius. The ratio may be formulated from
the mean squared unperturbed end to end distance by the following
relation:
cr,n “ <*2>0/nl2 (47)
Where:
nl2 - (x-l){l4 2 + 15 2 +16 2 + 172) + (1^ + 12 2 + 132) (48)
2
The reason nl is calculated as shown m  equation (48) is that the n
bonds involved in the polymer backbone are not identical in length.
Furthermore, the addition of a monomer unit to the polymer chain, 
results in four more bonds, if a linear polymer chain has no restric­
tions on the angles between successive bonds (freely jointed chain)
2 2
then <r >Q =■* nl . The characteristic ratios, Cr n, were calculated for 
these two 48+6 linked homopolymers as a function of degree of polymer­
ization. When the fraction of (+)rotamer is different from 1.0 or 0.0 
the characteristic ratio reaches an asymptotic limit with increasing 
degree of polymerization. This asymptotic limit may be obtained by 
plotting Cr n^ vs. 1/x. Linear extrapolation of this plot to 1/x = 0 
yields, C„ the characteristic ratio at infinite chain length.
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Figure 32 shows such an extrapolation for the 46*6 homopolymer of 
epicatechin when the fraction of (+)rotainer is .83. Only when the 
fraction of the (+)rotamer was fixed at 1.00 or 0.0 did the C„ _ not 
behave asymptotically. This is because the polymer then behaves like a
o 2
rigid helix, where <r > becomes proportional to n , rather than n, at 
infinite x. The behavior at these two extremes will be investigated in 
greater detail later in this work. A series of Cr n^ vs. 1/x plots were 
obtained for different fractions of (+)rotamer 46*6 homopolymers of 
catechin or epicatechin.
The effect of different fractions of (+)rotational isomer on the 
characteristic ratio at infinite chain lengths, was compared. For the 
homopolymer of epicatechin with a 46*6 linkage Figure 33 shows how the 
characteristic ratio depends on fractional amount of (+)rotamer in the 
chain. C_ when the fraction ( + )rotamer is 1.0 or 0.0 is not shown 
since the characteristic ratio does not reach a limit at high degree of 
polymerization. The curve does show that a minimum Cr „ is larger when 
the composition of the polymer chain is predominantly in a 
(+)rotational configuration (fraction (+)rotamer > .5 than in a 
(-)rotational configuration (fraction (+)rotamer < .5). This indicates 
that the unperturbed dimensions of the polymer chain are sensitive to 
the amount of a particular rotational isomer present in the chain. The 
homopolymer of epicatechin is most extended when the majority of 
monomer units adopt a (+)rotational configuration about the interflavan 
bond.
The end to end vector for this epicatechin homopolymer was also 
calculated for various chain lengths and fraction of (+)rotamer. The 
end to end vector converges for all fractions of ( + )rotamer except for
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Figure 32; Plot of characteristic ratio vs 1/x for 4C+6 homopolymer 
of epicatechin with dihydroxy benzene at C(2) in 
equatorial position. Extrapolation of plot to 1/x * 0 
gives characteristic ratio at infinite chain length Cr
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Figure 33: Characteristic at infinite chain length versus fraction
( + )rotamer for homopolymer of epicatechin 40-»"6 linked.
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the extremes when only one rotational isomer contributes to the polymer 
chain (fraction(+) * 1.0 or 0.0). The end to end vector converges at 
shorter chain lengths when the two rotational isomers are equally 
weighted. At chain compositions where one rotational isomer 
predominates over the other rotational isomer, e.g. fraction(+) ■ .83, 
then the end to end vector converges at longer chain lengths. Figure 
34 shows two plots of the difference in the X component of the end to 
end vector from the X component of its predecessor, x-1, versus the 
degree of polymerization, x. The Figure shows the plots for two 
fractions of (+}rotamer, 0.40 and 0.83. when the fraction of
(+)rotamer is 0.83, the X component of the end to end distance
converges at a degree of polymerization of approximately 25. In 
contrast, when the fraction of (+)rotamer is 0.40, the X component of 
the end to end vector converges at a degree of polymerization of about 
7. The results from the end to end vector and characteristic ratios 
indicate that when the contribution from one rotational isomer 
dominates the polymer chain then the chain is more extended and less 
flexible. A3 one includes more of a contribution from the other 
rotational isomer, the polymer chain becomes less extended and more
flexible. Table XVII gives the X, y, and z components for the four
homopolymers studied of <r> at the limit as x approaches infinite.
When the repeat unit is replaced with catechin the unperturbed 
dimensions are similar to homopolymers of epicatechin. Extrapolating 
the plots of Cr n^ vs. 1/x ■ 0 , generates the series of characteristic 
ratios at infinite chain length for various fractions of (+)rotamer for 
the homopolymer of catechin. ^rfa> dependence on (+)rotamer may be seen 
in Figure 35. A minimum of C of 3.80 occurs when the fraction of
9
Figure 34; Difference in X component of end to end vector versus
for homopolymer of epicatechin 4U+6 linked,
a - fraction(+) = .83
+ - fraction(+) = .40
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Figure 35: Characteristic ratio at infinite chain length versus
fraction of (+)rotamer for catechin homopolymer 43*6 
linked.
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Components
Homopolymer
Catechin
Epicatechin
Table XVII
Comparison Of X, X And Z 
Of End To End Vector As x Approaches Infinity
End To End Vector
4a->6
4a*8
Fraction(+) X Comp 
(A)
Y  Comp 
(A)
Z Comp 
(A)
. 1 0 9.21 -2.18 12.27
.17 6.61 . 2 0 7.67
. 2 0 6.03 .78 6.56
.30 5.03 1.98 4.28
.40 4.76 2 . 6 8 2.97
.50 4.93 3.22 2.03
.60 5.43 3.71 1 . 2 0
.70 6.82 4.29 .29
.80 9.67 5.24 -1 . 1 1
.83 1 1 . 2 2 5.70 -1.78
.90 18.57 7.77 -4.72
. 1 0 8.30 -1.80 1 2 . 2 2
.17 6 . 1 2 .44 7.62
• to O 5.65 .98 6.52
.30 4.88 2.04 4.29
.40 4.78 2.76 3.01
.50 5.09 3.25 2.13
.60 5.87 3.71 1.38
.70 7.39 4.27 .58
Table Continued * » *
144
Table XVII (cont' 
Homopolymer
Epicatechin
Catechin
Epicatechin
d.)
Linkage Type Fraction(+)
4a+8 .80
.83 
.90
40+6 .10
.17 
.20 
.30 
.40 
.50 
.60 
.70 
.80 
.83 
.90
40+6 .10
.17 
.20 
.30 
.40 
.50 
.60 
.70 
.80 
.83 
.90
End To End Vector
X Comp 
(A)
Y Comp 
(A)
Z Comp 
(A)
10.65 5.16 -.60
12.42 5.60 -1.15
20.74 7.57 -3.56
9.71 6.27 .33
7.49 5.29 -.67
6.91 4.98 -1 . 0 1
5.76 4.19 -1.96
5.34 3.52 -2.89
5.38 2.80 -3.99
5.75 1.91 -5.30
7.12 .52 -7.90
9.94 -2.09 -12.59
11.49 -3.46 -15.06
18.89 -9.77 -26.50
11.14 5.68 - . 1 0
8.56 4.79 -.99
7.87 4.53 -1.29
6.47 3.78 -2.13
5.85 3.14 -2.93
5.72 2.44 -3.87
6.03 1.53 -5.14
6.99 .13 -7.17
9.32 -2.54 -1 1 . 1 1
10.62 -3.93 -13.18
6 . 8 8 -10.39 -22.79
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(+)rotamer is set at .40. This minimum in C m is close to the minimum 
observed for homopolymers of epicatechin. Figure 36 shows the 
similarity between Ce „ for epicatechin and catechin homopolymers. The 
two plots are virtually identical. The small deviation in the two 
homopolymers' unperturbed dimensions suggests that whether the repeat 
unit is catechin or epicatechin makes little difference on the overall 
dimensions of the polymer chain. If the fractional amount of a 
rotational isomer could be measured then a prediction of the 
unperturbed dimensions of the polymer chain would be possible.
Unperturbed Dimensions Of 4S-»6 Linked Homopolymers
Of Catechin Or Epicatechin Predicted By Fluorescence Measurements
Previous results in this dissertation from fluorescence 
measurements ascribed the heterogeneity of the fluorescence decay of 
epicatechin(4fJ->’6)catechin in dioxane to rotational isomers. The 
relative amount of each rotational isomer was determined by the values 
of the preexponential factors for the biexponential decay. The 
fractional contribution of the major lifetime was found to be 0.83 and
the minor lifetime 0.17. Furthermore, on the basis of energy minima
21for the two rotational isomers predicted by MM2 calculations the 
assignment of major lifetime to the (-)rotamer was possible. Since the 
repeat unit, catechin or epicatechin, makes only a small difference in 
the unperturbed dimensions of the polymer chain, then fluorescence 
measurements for epicatechin(4@->6)catechin would predict that a polymer 
chain that is linked 40-*,6 should have a fractional contribution of 0.83 
from the £-)rotamer.
Figure 36: Characteristic ratio at infinite chain length versus
fraction (+)rotamer for two 4fl-*,6 linked 
homopolymers.
□ - 4fl->6 linked catechin homopolymer 
+ - 40-*,6 linked epicatechin homopolymer
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Figure 36 shows the Cr „ as a function of fractional contribution 
from the (+)rotational isomer for the two 46*6 homopolymers of catechin 
and epicatechin. The characteristic ratio at infinite chain length 
when the fraction of (+)rotamer is fixed at 0.17 for the catechin and 
epicatechin homopolymer is found to be 4.95 and 5.78, respectively.
The end to end vectors for both homopolymers converge at a degree of 
polymerization of about 20-25 for the fraction of (+)rotaraer of 0.17.
The convergence of the X component of the end to end vector for the two 
homopolymers of catechin and epicatechin can be seen in Figures 37 and 
38 respectively. Convergence of the X component in these Figures is 
signified when the difference between the X component for a degree of 
polymerization and X component for the degree of polymerization for one 
less repeat unit is 0.00. The X, Y and Z components of the end to end 
vector at convergence represent the persistence vector for the 
homopolymer chain. Table XVIII reports the unperturbed values for the 
Crj<0 and persistence vector for the two homopolymers when the 
fractional contribution from (+)rotamer is fixed at 0.17.
When the fractional contributions from the (+)rotamer reflect the 
relative contributions obtained from fluorescence measurements of 46*6 
dimer, there is not much difference in the unperturbed dimensions when 
replacing a catechin repeat unit with epicatechin. Since the 
difference in the unperturbed dimensions is small when the repeat unit 
is changed from catechin to epicatechin, then it is expected that these 
values may represent the range of values that describe the unperturbed 
dimensions of copolymers of catechin and epicatechin that are linked 
46*6 and have their dihydroxy benzene ring oriented in an equatorial 
position at C(2).
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Figure 37: Difference in X component of end to end vector vs. degree
of polymerization, x, for homopolymer of catechin 49*6 
linked; fraction of (+)rotamer = .17.
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Figure 38: Difference in X component of end to end vector vs. degree
of polymerization, x, for homopolymers of epicatechin 4{3*»6 
linked; fraction of (+)rotamer = .17.
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Table XVIII
Unperturbed Dimensions Of 4f3*6 Homopolymers Of 
Epicatechin And Catechin With Fraction Of (+) Rotamer = 0.17
Persistence Vector 
Homopolymer Cr „ x Corap Y Comp Z Comp
(A) (A) (A)
Catechin 4.95 7.49 5.29 -0.68
Epicatechin 5.78 8.56 4.80 -1.00
Cr = Characteristic Ratio At Infinite Chain Length
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Similar calculations were performed when the linkage pattern is 
switched from 4B*>6 to 4a->6, By changing only the stereochemistry at 
C(4) - C(6 ) linkage, the sensitivity of the unperturbed dimensions in 
homopolymers of catechin and epicatechin to linkage orientation may be 
investigated.
4a*6 Linked Homopolymers
The mean squared end to end distance and end to end vector for the 
homopolymers of epicatechin and catechin with an equatorial dihydroxy 
benzene at C(2) and a 4a*6 linkage pattern were calculated for various 
degrees of polymerization and various fractions of a particular 
rotational isomer. The unperturbed dimensions of the 4ct+6 linked 
homopolymers were formulated in a similar manner to that for the 40-*6 
homopolymers.
The characteristic ratio at infinite chain length, Cr a was 
obtained by linear extrapolation of the Cr n vs 1/x plots to 1/x = 0 . 
Figures 39 and 40 show two such extrapolations for the 4a*>6 homopolymer 
of epicatechin when the fractional contribution of (+)rotational isomer 
has been fixed at 0.10 and 0.90 respectively. A series of these plots 
generated the dependence on the fraction of (+)rotamer in the
homopolymer chains of catechin and epicatechin. Figure 41 shows how 
Cr depends on the fraction of ( + )rotamer for both 4a-*6 homopolymers 
of catechin and epicatechin. When the fraction of (+)rotamer is set to 
1.0 or 0.0 then C„ _ vs. x does not behave asymptotically. For this
* 9 11
reason these two extremes have been omitted from the Figure and will be 
discussed in greater detail later in this dissertation. Figure 41 
indicates the unperturbed dimensions of the two 4o-»6 homopolymers are 
quite similar. Both homopolymers exhibit a minimum in C „ at a
^  9
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Figure 39: Characteristic ratio vs. 1/x for homopolymer epicatechin
4a-»-6 linked; fraction of ( + )rotamer = .10. Extrapolation 
of line to 1 /x = 0 yields characteristic ratio for 
infinite chain length.
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Figure 40: Characteristic ratio vs. 1/x for homopolymer epicatechin
4a*6 linked; fraction of (+)rotamer = .90. Extrapolation 
of line to 1/x => 0 yields characteristic ratio for 
infinite chain length.
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Figure 41: Characteristic ratio at infinite chain length vs. fraction
of ( + )rotamer for two 4o*»,6 linked homopolymers.
□ - catechin homopolymer 
+ - epicatechin homopolymer.
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fraction of (+)rotamer of .40. The minimum C for the epicatechin
^  9
homopolymer is 3.04 and for either 4a^6 homopolymers, the curves are 
not symmetric about the minimum. A larger C m results when the
r  9
(+)rotational configuration is the dominant rotational isomer in the
homopolymer's chain (fraction (+)rotamer >.5), then when the (-)rotamer
is the dominant rotational isomer (fraction (+)rotamer < .5). This
results in the unsymmetric curves shown in Figure 41 and suggests that
the (+)rotational isomer yields a more extended polymer chain. The
small deviations shown in Figure 41 confirm the previous conclusion
that the unperturbed dimensions of 4cr*'6 linked homopolymers depends
only slightly on the type of repeat unit, catechin or epicatechin.
Comparison of the unperturbed dimensions for the 4a+6 homopolymers with
40-*,6 homopolymers is possible.
Comparison Of 4a~»6 And 48~*6 
Homopolymer's Unperturbed Dimensions
The persistence vector and Cr a are compared for the 4a+6 and
linked homopolymers of catechin and epicatechin at fraction of
(+)rotamer of 0.17 and 0.83. These particular fractional contributions
of one rotational isomer were chosen to inspect the difference in
unperturbed dimensions when one rotational isomer dominates the polymer
chain. The comparison of these results is compiled in Table XIX.
The data in Table XIX indicate how the three variables (repeat
unit, linkage type and fractional contribution of a rotational isomer)
can alter the unperturbed dimensions of the homopolymer of epicatechin
or catechin. Switching the repeat unit from catechin to epicatechin
changes the Cr>ai and persistence vector the least when the linkage type
and fraction of (+)rotamer are fixed. Changing the linkage pattern
from 4a+6 to 40+6 for a given repeat unit and fraction of (+)rotamer
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Table XIX
Comparison Of The Unperturbed Dimensions 
For 4o*6 And 46*6 Linked Homopolymers Of Catechin And Epicatechin
Persistence Vector
Homopolymer Fr( + ) oo X Comp 3f Comp Z Comp
9 (A) (A) (A)
CAT(43*6)CAT 0.17 4.95 7.49 5.29 -0.68
EPI(43+6)EPI 0.17 5.78 3.56 4.80 -1.00
CAT (4a*6) CAT 0.17 5.69 6.12 0.44 7.62
EPI(4a*6)EPI 0.17 5.27 6.62 0.20 7.68
CAT(43+6)CAT 0.83 14.67 11.49 -3.46 -15.06
EPI(46*6)EPI 0.83 12.30 10.62 -3.94 -13.18
CAT(4d*6)CAT 0.83 8.32 12.42 5.60 -1.15
EPI (4a*6)EPI 0.83 9.62 11.22 5.70 -1.78
CAT(46*6)CAT 0.50 4.26 5.38 2.80 -3.99
EPI(46*6)EPI 0.50 4.12 5.72 2.44 -3.87
CAT(4a*6)CAT 0.50 2.93 4.93 3.22 2.03
EPI(4a*6)EPI 0.50 3.17 5.09 3.25 2.13
CAT(43*6)CAT 0.40 3.77 5.34 3.52 -2.89
EPI(43*6)EPI 0.40 3.89 5.85 3.14 -2.93
CAT(4a*6)CAT 0.40 2.96 4.76 2.69 2.96
EPI(4o*6)EPI 0.40 3.04 4.78 2.76 3.01
Fr(+) = Fractional Contribution of (+)Rotational Isomer 
Cr a =» Characteristic Ratio At Infinite Chain Length
does not alter the C„ „ significantly but is found to have a more 
profound effect on the orientation of the persistence vector. This is 
not unexpected since changing from a 4a+6 to 40+6 linked homopolymer 
results in different stereochemistry at C(4). The most obvious changes 
in the unperturbed dimensions of these homopolymers occurs when the 
fraction of (+)rotamer is varied for a given repeat unit and linkage 
pattern. Dramatic changes in the C „ and the persistence vector occur 
when the dominant rotational isomer is switched from the (+)rotational 
isomer (FR(+) » .83 to the (-)rotational isomer (FR(+) = .17). Another 
illustration of the effects of rotational isomers on the dimensions of 
the polymer is shown in Figure 42. The characteristic ratio is plotted 
as function of degree of polymerization for a homopolymer where all the 
repeat units adopt a (-)rotamer conformation except the 53rd residue 
which adopts the (+)rotaraer conformation. The characteristic ratio 
increases with increasing x until the 53rd residue. At this point the 
characteristic ratio decreases slightly and begins to increase again 
around x 3 100. This suggests that a single residue with a different 
rotational conformation from the rest of the chain can alter the 
unperturbed dimension of the chain severely. From these results the 
unperturbed dimensions are most sensitive to the fractional 
contribution of a particular rotational isomer and, to a much lesser 
extent, the type of linkage pattern. The type of repeat unit, catechin 
or epicatechin, has little effect on the unperturbed dimensions of the 
horaopolymer. These same three variables are used to investigate the 
type of helices formed by homopolymers of epicatechin and catechin.
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Figure 42: Characteristic ratio versus degree of polymerization for
40*6 linked homopolymer of epicatechin; fraction of 
(+)rotamer ® 0. Fifty third residue in chain adopts 
(+)rotamer conformation.
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Helices Of C(4)-C(6) Linked 
Homopolymers Of Catechin And Epicatechin
The rotational isomeric state model was used to determine the 
nature of helices formed by 4-6 linked homopolymers of catechin and 
epicatechin with an equatorial dihydroxy benzene ring at C(2). To 
obtain helices for these homopolymers, rotational freedom about the 
interflavan linkage must be prohibited. This condition is satisfied by 
allowing only one rotational isomer in the polymer chain. The 
fractional contribution of the (+)rotational isomer is 0 or 1. The 
polymer chain is then composed strictly of dimers that adopt the 
(-)rotational conformation or (+)rotational conformation, respectively. 
Because of the helical nature of the 4-6 linked homopolymers, the 
characteristic ratio does not behave asymptotically at high degrees of 
polymerization and the end to end vector does not converge as the 
polymer chain grows. For this reason Cr „ and the persistence vector 
cannot be used to characterize the helical chain. Instead the 
translation per residue, the number of residues per turn and the 
handedness of helix have been calculated to characterize the nature of 
the helix formed. In this work a repeat unit, catechin or epicatechin, 
is referred to as a residue. The manner in which the repeat unit, 
catechin or epicatechin, the type of linkage, alpha or beta, or the 
type of rotational isomer effects the nature of the helices formed is 
investigated.
The number of residues per turn in the helix may be determined by 
observing the manner in which the components of the end to end vector 
change in relation to the components of the end to end vector for a 
chain with one less repeat unit. By plotting X(x)-X{x-1) versus the
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degree of polymerization, x, the number of residues per turn can be 
determined. A similar result should be obtained if the Y or Z 
component is substituted for the X component. Examples of such plots 
are shown in Figures 43, 44 and 45 for the 40+6 linked homopolymer of 
catechin when the fraction of (+)rotamer is 0. A turn in the helix is 
observed when the difference in the particular component returns to 
approximately the same position as a preceding residue. A turn in each 
of the figures is denoted by a darkened square. The number of residues 
or repeat units is simply the number of squares between a given number 
of turns, whether the difference in the X, Y, or Z components is 
plotted in Figures 43, 44, or 45 respectively, the same value of about 
4 residues per turn results. Similar plots are gained by varying the 
type of repeat unit, the type of linkage and type of rotational isomer 
which leads to a series of eight helices with its own value for the 
number of residues per turn.
The translation per residue for the eight helices investigated may 
be determined by knowing the X, Y and Z components of the end to end 
vector for a given degree of polymerization. The translation per 
residue, S, may be calculated using equations (49) and (50) below in 
the limit where x is large.
(49)
S = R/x (50)
Where: x = degree of polymerization
X = X component of end to end vector
Y = Y component of end to end vector
Z = Z component of end to end vector
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Figure 43: Difference in X component of end to end vector versus
degree of polymerization, x, for catechin homopolymer 40*6 
linked; fraction of (+)rotamer = 0 (helix).
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Figure 44: Difference in Y component of end to end vector versus
degree of polymerization for 43*6 linked homopolymer of 
catechin; fraction of (+)rotamer ■ 0 (helix).
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Figure 45: Difference in Z component of end to end vector versus
degree of polymerization for catechin homopolymer 4fJ->6 
linked; fraction of {-*-)rotamer = 0 (helix).
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In order to determine the handedness of this series of 4-6 linked
g C
helices a section of Allinger’s MM2 algorithm was used. The section 
of the program used takes the initial coordinates for eight residues 
and translates them so that the first residue is placed at the origin 
of the coordinate system. The eight residues then are rotated to place 
the eighth residue on the x axis. This generates 3 new oriented
coordinates for each of the eight residues. The new Y and Z
coordinates are plotted for the eight residues recognizing that the X
coordinates are continually increasing as one proceeds from residue one
to residue eight. Figure 46 shows the transformed Y and Z coordinates 
for the 4t3-*,6 linked homopolymer of epicatechin where the fraction of 
(+)rotamer is fixed at 0. To complete a right-handed coordinate 
system, the ( + )x axis is perpendicular to the y,z plane and emanating 
out from the plane of paper towards the viewer. Since the X 
coordinates increase as one proceeds from residue one to residue eight, 
then the helix is spiraling towards the viewer. As one looks down the 
helix axis the residues spiral in a clockwise fashion indicating the 
helix is right-handed. Data for the other helices were treated 
similarly to determine their respective handedness.
The translation per residue, the number of residues per turn and 
handedness of the helix are determined as described above for a series 
of eight helices. Bach of these helices are 4-6 linked homopolymers 
which vary in type of repeat unit, type of linkage, alpha or beta, and 
type of rotational isomer found in the polymer chain. Table XX 
summarizes the results for this series of helices. Also included in 
Table XX are the components of the end to end vector for a chain length 
of 50 residues.
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Figure 46: The Z component of end to end vector plotted against the Y
component of end to end vector. These are the transformed 
coordinates for 8 repeat units of the 4B+6 linked 
homopolymer of epicatechin; fraction of (+)rotamer = 0 
(helix).
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Table XX
Helices For C(4)-C(6) Linked 
Homopolymers 0£ Epicatechin And Catechin
<r> @50 Residues
Homopolymer F( + ) Res/Turn Trans/Res 
(A/Res)
Pitch X Comp 
(A)
Y Comp 
(A)
Z Comp 
(A)
CAT(4a+6)CAT 0 +2.4 2.83 6.79 75.26 -49.51 108.02
CAT(43+6)CAT 0 +4.0 3.40 13.60 157.26 52.92 38.16
EPI(4a+6)EPI 0 +2.5 2.69 6.73 67.41 -47.95 104.75
EPI(43+6)EPI 0 +3.8 3.60 13.68 171.25 41.70 37.27
CAT(4a+6)CAT 1 -2.9 3.51 10.18 158.86 44.44 -60.12
CAT(45+6)CAT 1 -2.2 3.39 7.46 87.20 -66.19 -127.34
EPI(4a+6)EPI 1 -2.9 3.72 10.79 176.02 40.80 -44.64
EPI (43+6)EPI 1 -2.2 3.16 6.95 78.51 -74.89 -112.92
Fr( + ) => Fraction of (+)Rotational Isomer
A Positive Sign Preceding The Value For The Res/Turn Indicates Right 
Handed Helix And Negative Sign Indicates Left-handed Helix
The components of the end to end vector shown in Table XX reveal 
the direction that a particular helix is taking. Figure 47 shows the 
coordinate system defined by the C(4)-C(6) linked dimer. The x, y axes 
are defined by the first two bonds as shown in Figure 47. The ( + )z 
axis completes a right handed coordinate system by being perpendicular 
to the x, y plane and emanating behind the plane of the paper away from 
the viewer. Depending on the linkage pattern and type of rotational 
isomer present in the polymer chain, the helix will propagate in 
different directions. When the repeat units adopt a (-)rotational 
configuration (FR(+) = 0.0) about the interflavan bond, 40-*,6 linked 
helices extend mainly in the x-direction and 4a*6 linked helices extend 
primarily in the z-direction. If the repeat units adopt a 
(+)rotational configuration (FR(+) = 1.0) about the interflavan 
linkage, the helix will propagate in a different direction. The 4a-*,6 
linked helices now extend mainly in the x-direction; whereas, the 4f!-»,6 
linked helices are found to extend primarily in the (-)z direction.
The data in Table XX suggest that the helix is most sensitive to 
changes in the type of rotational isomer present in the polymer chain. 
When all the repeat units in the polymer chain adopt a (+)rotational 
configuration (FR(+) = 1.0) about the interflavan bond a left-handed 
helix results. In contrast, when the repeat units in the polymer chain 
are switched to {-)rotational configuration (FR(+) = 0.0) a right- 
handed helix is observed. These results indicate that the factor which 
determines the handedness of the helix is the type of rotational isomer 
present in the polymer chain. If the handedness of the helix changes 
with the type of rotational isomer then a corresponding change is 
expected in the end to end vector. This is realized as evidenced by
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Figure 47: Coordinate system defined by C(4)-C(6) linked homopolymers
of catechin or epicatechin.
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the large changes in the magnitude and signs of the components of the 
end to end vector at 50 residues. The type of rotational isomer 
present also effects the number of residues per turn and the 
translation per residue but is complicated by the type of linkage 
pattern seen in the polymer.
Although the linkage pattern, alpha (a) or beta (3), does not 
effect the handedness of the helix, it effects the translation per 
residue and the number of residues per turn. The linkage pattern 
combines with the type of rotational isomer present in the polymer to 
determine the values for the number of residues per turn and the trans­
lation per residue. Therefore, the linkage pattern and type of 
rotational isomer together dictate the compactness of the helix. When 
all the repeat units in the polymer are in the (-)rotational configura­
tion the 4a*6 helix is more compact than the 43*6 helix. Changing all 
the repeat units to a (+)rotational configuration, however, results in 
the 45*6 helix being more compact than the 4a*6 helix.
Varying the type of rotational isomer present in the polymer chain 
and the type of linkage pattern for C(4)-C(6) linked homopolymers 
effects the helices differently. However varying the repeat unit for a 
given linkage pattern and type of rotational isomer does virtually 
nothing to alter the characteristics of the helix. The handedness of 
the helix along with the number of residues per turn and translation 
per residue all remain about the same if the only parameter being 
changed is the type of repeat unit in the polymer. This result 
suggests that whether the repeat unit is catechin or epicatechin makes 
little difference in the type of helices which are formed from C(4)~
C{6) linked homopolymers. This can be rationalized by considering the
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difference between the two monomers, catechin and epicatechin. The 
only difference between the two monomers is the stereochemistry of the 
hydroxyl group at C(3). Since the hydroxyl group is not a bulky 
substituent the steric considerations for constructing polymers of 
catechin and epicatechin is minimal.. The hydroxyl group on C(3) of 
catechin and epicatechin is not involved directly with the bonding 
scheme shown in Figure 30 used to generate the homopolymers of catechin 
and epicatechin; consequently, very little effect should be observed 
for switching the repeat unit in homopolymers of catechin and 
epicatechin.
Discussion
The result that the repeat unit has very little effect on the
helix characteristics of C(4)-C(6) homopolymers appears to question a
1 52conclusion made by Haslam ' , who concluded that right handed helices
result from polymers constructed from catechin and left-handed helices 
are formed from polymers constructed from epicatechin. This 
dissertation asserts that the type of rotational isomer in a C(4)-C(6) 
homopolymer dictates whether the helix formed is right-handed or left- 
handed.
Helices of C(4)-C(6) linked homopolymers of catechin or 
epicatechin are formed only if one rotational isomer is present in the 
polymer chain. Fluorescence methods indicate that two rotational 
isomers are present for a 40-*-6 linked dimer in solution. If the dimer 
is representative of the rotational configurations found in 43"*'6 linked 
polymers then the rotational isomeric state model predicts dimensions 
for the polymer chain which are different than a helix. Figure 48 
shows the X and Y coordinates for a 48*6 linked homopolymer of
Figure 48: Y component of end to end vector vs. X component of end
end vector for linked homopolymer of epicatechin;
fraction of (+)rotamer ■ 0 (helix).
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epicatechin where all the repeat units adopt a (-)rotational 
conformation about the interflavan bond. Figure 49 shows the X and Y 
coordinates for the same horaopolymer of epicatechin but now the polymer 
chain has a fractional contribution of 0.17 from repeat units which 
adopt a (+)rotational configuration. While the end to end vector 
increases as more repeat units are added to the polymer chain for the 
helix forming polymer (Figure 48), the end to end vector for the 
polymer chain that represents what is observed in fluorescence 
converges at some finite degree of polymerization (Figure 49). This 
result suggests that C(4)-*C(6) homopolymers of catechin and epicatechin 
in solution behave differently than helix.
There are two limitations that must be considered when using this 
rotational isomeric state model to describe C(4)-C(6) linked 
homopolymers of catechin and epicatechin. When using the rotational 
isomeric state model only the ith and i+1 repeat units are considered. 
The model disregards any interactions between the ith and i+2 repeat 
units. To determine whether i and i+2 interactions are important, a 
Dreiding model was constructed for the C(4)-C(6) linked trimer of 
catechin or epicatechin. The Dreiding model of such a trimer shows no 
interactions of ring substituents between the first and third monomer 
units which would result in perturbing the rotation about the 
interflavan linkage; therefore, neglecting i and i+2 interactions is a 
reasonable assumption for C(4)-C(6) linked homopolymers of catechin and 
epicatechin. The other limitation inherent in this rotational isomeric 
state model is that it does not account for any long range interactions 
in the polymer chain. These interactions may become important as the 
polymer chain becomes longer. Specifically, this interaction may be
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Figure 49: Y component of end to end vector vs. X component of end to
end vector for homopolymer of epicatechin that is 4(J+6 
, linked; fraction of (+)rotamer = .17.
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important in flexible polymers which allow residues that are far 
removed from each other in terms of their distance along the polymer 
chain to come in close proximity due to the polymer winding back on 
itself. Such interactions could perturb the rotation about the 
interflavan linkage and lead to distortions in the dimensions of the 
polymer not predicted by the rotational isomeric state model. Although 
long range interactions may be important in flexible homopolymers, 
their impact on helical homopolymers may be negligible. Helical 
polymers are more rigid and the possibility of long range interactions 
are limited by this lack of flexibility in the polymer.
Complexes
Introduction
The polymers of (+)-catechin and (-)-epicatechin have the ability
to form complexes with many macromolecules. Plants produce these
polymers in order that they can complex proteins, which in turn
provides the plant with a defense mechanism. The complexed protein is
not adequately digested by the predator, thereby limiting the plant's
food value. Previous studies of these complexes have been performed at
proanthocyanidin concentrations that result in precipitation.^0,12
This dissertation looks at the complexes by means of fluorescence
spectroscopy, which permits observation of the complexes at low
concentrations so that all species remain in solution. The results
which follow indicate that the effects complexation has on the
fluorophore depends on the type of complex formed.
Monomer Complexation
With Polyvinylpyrrolidone In Water
The fluorescence emission of two monomers, catechin and 
epicatechin, has been monitored in the presence and absence of 
poly(vinylpyrrolidone) (MW-360,000) in water. Figure 50 shows the 
effect that varying amounts of poly(vinylpyrrolidone) has on the 
fluorescence emission of catechin. As one increases the concentration 
of poly(vinylpyrrolidone), there is an increase in the fluorescence 
intensity. Similar behavior is observed when one increases the 
concentration of poly(vinylpyrrolidone) in solutions with constant 
concentration of epicatechin. An increase of the fluorescence 
intensity results when poly(vinylpyrrolidone) is added to the solutions
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Figure 50j Fluorescence spectra of catechin in water with
poly(vinylpyrrolidone) present. Concentration 
catechin =• 3.70 x 10-  ^M Excitation = 280nm
1) 2.5 rag/ml Poly(vinylpyrrolidone) (PVP)
2) 1.0 mg/ml PVP
3) 0.50 mg/ml PVP
4) 0.25 mg/ml PVP
5) 0.0 mg/ml PVP
Fluorescence
Intensity
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of epicatechin. Although poly(vinylpyrrolidone) enhances the 
fluorescence intensity, there is no shift in the fluorescence spectrum. 
The integrated fluorescence intensities in the absence and presence of 
added polymer are denoted by 1(0) and I respectively. In order to 
quantitate the amount of enhancement due to poly(vinylpyrrolidone), the 
ratio l/l(0) was measured. These ratios were measured for both 
catechin and epicatechin and are compiled in Tables XXI and XXII 
respectively.
The values of 1/1(0) are the same for catechin and epicatechin.
This is expected since the two monomers are different only in the 
position of the hydroxyl group at C{3). increasing the 
poly(vinylprrolidone) concentration will eventually lead to no further 
enhancement of the fluorescence emission. This can be seen in Figure 
51, which plots i/i(0) versus the concentration of
poly(vinylpyrrolidone) at constant concentration of catechin. What is 
observed is a leveling off of the fluorescence enhancement at higher 
concentrations of poly(vinylpyrrolidone). This observation suggests 
that the fluorescence intensity is related to the amount of fluorophore 
complexed onto the poly(vinylpyrrolidone).
Since the fluorescence intensity is dependent on the amount of 
catechin bound, we evaluated the concentration of bound catechin 
spectrofluorimetrically in the manner LePecq et al. used for the 
binding of ethidium bromide to DNA.^7 The extent of catechin binding 
to poly(vinylpyrrolidone) is evaluated by means of a Klot2 equation 
(51).66
Table XXI
The Effects Of Polyvinylpyrrolidone On 
The Fluorescence Of Catechin In Water (PVP MW = 360,000)
[PVP]
(mg/ml)
integral 
(285-420 nm)
Rel. Intensity 
1/1(0)
0.00 17891 1.00
0.10 18113 1.01
0.25 19507 1.09
0.50 21229 1.19
0.75 23010 1.29
1.00 23486 1.31
Concentration Of Catechin = 4.68 x 10-^ M 
(PVP] =* Concentration Of Polyvinylpyrrolidone 
Temperature = 25° C
Table XXII
The Effects of Polyvinylpyrrolidone On 
The Fluorescence Of Epicatechin In Hater (PVP MW*360,00)
[PVP]
(mg/ml)
Integral 
(285-420 nm)
Rel. intensity 
1/1(0)
0.00 51590 1.00
0.25 53013 1.03
0.50 57115 1.11
0.75 61031 1.18 "
1.00 63873 1.24
-5Concentration Of Epicatechin = 4.54 x 10 M 
[PVP] s concentration Of Polyvinylpyrrolidone 
Temperature = 25^ C
Figure 51: Fluorescence of catechin (1/1(0)) in water versus
concentration of poly(vinylpyrrolidone).
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1/r =* 1/ (nK [ C ] f ) + 1/n (51)
Where: r = # moles catechin bound/# moles of PVP repeat units
[C]f = molar concentration o£ catechin unbound
K » intrinsic binding constant
n =» number of binding sites occupied by catechin molecule
The Klotz plot which results is shown in Figure 52. The straight line
drawn represents the best linear least squares fit to the experimental 
points. The correlation coefficient was .98. From the y-intercept of 
the Klotz plot, one can deduce the number of poly(vinylpyrrolidone) 
repeat units that catechin binds. The extrapolated y-intercept 
indicates that about 386 repeat units of poly(vinylpyrrolidone) are 
required per each catechin molecule, when compared to 
poly(vinylpyrrolidone) binding with other dyes, this is a rather high 
value. Other workers showed that butyl orange and l-amino-4-
methylaminoanthraquinone-2-sulfonate (AQ) bound poly(vinylpyrrolidone)
67 66at about 73 repeat units per dye molecule. Reeves et. al. reported
binding capacities of 11, 118 and 143 poly(vinylpyrrolidone) repeat
units per dye molecule for 4-phenylazo-l-naphthol-sulfonate (PNS),
4-phenylazo-l-naphthol-disulfonate (PHD), and
2-p-toluidinonaphthalene-6-sulfonic acid (TNS) respectively.
The reduced viscosities of poly(vinylpyrrolidone) in water were
measured in the absence and presence of catechin at 30° C. The reduced
viscosity plots with their corresponding extrapolations to infinite
dilution of poly(vinylpyrrolidone) are shown in Figure 53. From the
y-intercept of the reduced viscosity plots one may deduce the intrinsic
viscosity plots of poly(vinylpyrrolidone) in the absence and presence
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Figure 52: Klotz plot of catechin binding poly(vinylpyrrolidone) in
water. Straight line-linear least squares fit. 
Correlation coefficient => .98.
Extrapolated y-intercept =■ 386.
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Figure 53: Reduced Viscosity of poly(vinylpyrrolidone) versus
poly(vinylpyrrolidone) concentration in the presence of 
catechin.
A - [catechin] = 0.0 M
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of catechin when water is the solvent. Figure 54 shows a decrease in 
intrinsic viscosity of poly(vinylpyrrolidone) in water as one increases 
the concentration of catechin. This result suggests that the 
dimensions of the polymer decrease when complexation occurs. Other 
workers found that complexation of phenolic compounds, such as 
hydroguinone and pyrrocatechol, with poly(vinylpyrrolidone) in water 
also results in decreasing the intrinsic viscosity of
C Q  “I Q
poly(vinylpyrrolidone) in aqueous solution. ' Bandyopadhyay and 
Rodriquez found the intrinsic viscosity of poly(vinylpyrrolidone)
(K-90, GAP Corp.) at 30° C dropped from 1.72 dl/g in water to .75 dl/g
70in the presence of .6 g/dl of hydroquinone in water.
The intrinsic viscosity of poly(vinylpyrrolidone) in water at
30° C is 1.72 dl/g. In the presence of .0014 M catechin the intrinsic
viscosity falls to .13 dl/g. This decrease in intrinsic viscosity
indicates that catechin induces a collapse of the overall dimensions of
the poly(vinylpyrrolidone) chain. The catechin molecule finds itself
in an environment that is not completely aqueous, but one that has a
high local concentration of poly(vinylpyrrolidone) segments. This is
in agreement with the increased intensity of the fluorescence.
From the intrinsic viscosity the local concentration of
poly(vinylpyrrolidone) units may be calculated. For a randomly coiled
chain molecule the intrinsic viscosity is related to the mean squared
71 72end to end distance by equation (52). '
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Figure 54: intrinsic viscosity of poly(vinylpyrrolidone) in water in
the presence of various concentrations of catechin.
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[n] * <Kr2>3/2/M (52)
Where: [nJ = intrinsic viscosity (in dl/g)
M = molecular weight (in molecular weight units)
2 2 <r > = mean squared end to end distance (in cm )
21$ ■ 2.1 x 10 for random coil
The radius of gyration, <S2>1^ 2 is related to the mean squared end to 
end distance for a random coil by equation (53).
<S2> - <r2>/6 (53)
Substituting equation (53) into equation (52) leads to equation (54).
<S2>3/2 = (tn]M)/(63/24) (54)
Equation (55) will calculate the volume, V, based on a sphere for the 
random coil.
V = 4/3n<S2>3/2 = 4/3n{ C[r|]M)/{63/2$)} (55)
Equation 56 is used to determine the molar concentration of 
poly(vinylpyrrolidone) units within the coil.
molar concentration = mole of monomers/V (56)
Where the units of V have been converted to liter.
The local molar concentration of poly(vinylpyrrolidone) units has 
been calculated in the absence and presence of catechin. The effects 
catechin has on the molar concentration of poly(vinylpyrrolidone) units
can be seen in Figure 55. As the catechin concentration increases the
local concentration of the poly(vinylpyrrolidone) increases also.
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Figure 55: Molar concentration of poly(vinylpyrrolidone) within
poly(vinylpyrrolidone) coil versus the concentration of 
catechin present.
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This indicates that as more catechin is added the polymer chain becomes 
more compact.
Fluorescence binding measurements indicated that about 400 repeat 
units of poly(vinylpyrrolidone) were required to bind one catechin 
molecule. This suggests that large segments of the 
poly(vinylpyrrolidone) polymer chain are required for complexation. 
Complexation of catechin to poly(vinylpyrrolidone) results in an 
enhancement of the fluorescence emission. This dissertation reports in 
Table III that the fluorescence quantum yield for catechin depends on 
the solvent environment. The quantum yield increases when catechin is 
transferred from an aqueous to a dioxane solvent system. If catechin 
finds itself in an environment that has high local concentration of 
poly(vinylpyrrolidone) segments, more dioxane-like and less aqueous- 
like, then the observed enhancement of the fluorescence is expected 
upon complexation.
Dimer Complexes With Polyvinylpyrrolidone
The fluorescence emission spectrum of epicatechin(4fi*»,6 )catechin, 
Procyanidin B-7, was measured in the absence and presence of 
poly(vinylpyrrolidone) in water. Table XXIII depicts the effect of 
increasing poly(vinylpyrrolidone) concentration on the fluorescence 
emission of epicatechin(40-*-6)catechin. Enhancement is observed in 
Table XXIII as the dimer complexes poly(vinylpyrrolidone). This 
increase in fluorescence intensity upon complexation is more dramatic 
for the dimer than for either of the monomers, as can be seen in Table 
XXIV.
Previous studies1®'1-^  observed protein interactions with catechin, 
epicatechin and their oligomers. They found that the stability of the
Table XXIII
Effects Of Polyvinylpyrrolidone On 
The Fluorescence Of Procyanidin B-7 In Hater
Rel. Intensity 
1/1(0)
1.00
2.02
2.20
2.31
2.45
2.50
Concentration Of Procyanidin B-7 =* 8.8 x 10-6 M 
[PVP] * Concentration Of Polyvinylpyrrolidone 
Temperature = 25° C
I PVP] 
(mg/ml)
Integral
(285-420)
0.0 5576
0.10 11267
0.25 12245
0.50 12879
1.00 13672
2.00 13950
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Table XXIV
Effects Of Polyvinylpyrrolidone (1 mg/ml) On The Fluorescence 
Of Catechin, Epicatechin And Procyanidin B-7 In Aqueous Solution
Compound Cone. Rel Int
CM) I/KO)
Catechin 4.68 x 10-05 1.31
Epicatechin 4.54 x 10'05 1.24
Epicatechin{46+6)Catechin 8.80 x 10-06 2.45
Temperature = 25° C
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complexes rises as one proceeds from catechin or epicatechin through a 
series of oligomers of increasing size. The fluorescence data in Table 
XXIV suggests similar behavior. If fluorescence is a measure of the 
extent of binding, then the interactions appear to be stronger for the 
dimer than the monomer.
The effects of poly(vinylpyrrolidone) on the fluorescence spectrum 
of epicatechin!4B+8)catechin and its decaacetate derivative are 
compared in Table XXV. The experiments were performed in dioxane 
because of limited solubility of epicatechin(43^8)catechin decaacetate 
in water. The ratio 1/ 1 (0 ) for the phenolic dimer shows that 
poly(vinylpyrrolidone) quenches the fluorescence upon binding.
However, little or no effect is observed when poly!vinylpyrrolidone) is 
added to the decaacetate. These fluorescence results suggest that 
epicatechin(43^8)catechin decaacetate cannot bind
poly!vinylpyrrolidone) as effectively as the free phenol. Since all 
the hydroxyl groups of the acetylated dimer are derivatized, this dimer 
lacks the hydrogen atom necessary to complete a hydrogen bond with the 
carbonyl oxygen of poly!vinylpyrrolidone). The inability of the 
decaacetate derivative to bond with poly!vinylpyrrolidone) while the 
phenolic dimer binds quite well, suggests that hydrogen bonds are 
important in the complexation process.
Since the fluorescence quantum yield decreases by a factor of 
three when catechin or epicatechin is transferred from dioxane to 
water, then the ratio of 1/1(0) can yield information about the 
environment of the fluorophore. When poly(vinylpyrrolidone) 
complexation occurs in aqueous solution 1/1(0) > 1. Conversely, when 
poly(vinylpyrrolidone) complexation occurs in dioxane 1/1(0) < 1.
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Table XXV
Fluorescence Of 
Epicatechin!48*8)Catechin And Its Decaacetate Derivative 
In Dioxane With And Without Polyvinylpyrrolidone (PVP) Present
Compound
Epicatechin (48*8 )Ca techin 
Epicatechin(43+8}Catechin 
Epicatechint 46+8)Catechin 
Epicatechin (48*8) Catechin
Epicatechin(48*8)Catechin Acetate 
Epicatechin(48*8)Catechin Acetate 
Epicatechin(48*8)Catechin Acetate 
Epicatechin(48*8)Catechin Acetate
Temperature - 25° C
Cone
(M)
[PVP]
(mg/ml)
Integral
Rel
Flour
1/1(0)
4.66x10® 0.00 15858 1.00
4.66x10"® 1.26 5555 0.35
4.66x10"® 2.52 7144 0.45
4.66x10"® 5.04 6994 0.44
5.50x10"® 0.00 4658 1.00
5.50x10"® 1.26 3887 0.83
5.50xl0~6 2.52 5539 1.19
5.50x10"® 5.04 4857 1.04
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The ratios of 1/1(0) indicate that poly(vinylpyrrolidone) binding of 
dimers and monomers creates a local environment for the fluorophore 
that is intermediate between an aqueous and dioxane-like environment. 
Complexes Of Catechin With Other Polymers
The effects of other polymers on the fluorescence of catechin was 
measured in water. Hagerman*0 used a competitive binding assay and 
showed that various polymers have different binding affinities for 
polymers of catechin and epicatechin. They found that the extent of 
binding depended on the chain size and conformation of the polymers 
which were binding polymers of catechin and epicatechin. The 
fluorescence intensities of catechin were compared in the absence and 
presence of several polymers. l/l(o) values were obtained for catechin 
in the presence of poly(vinylpyrrolidone), poly(L-proline), 
polysarcosine, poly(hydroxyproline) and the tripeptide, L-prolyl- 
L-prolyl-L-proline. The comparison of the effect a polymer has on 
the fluorescence of catechin can be seen in Table XXVI. As reported 
earlier in Table XXI, the fluorescence of catechin is enhanced with the 
introduction of poly(vinylpyrrolidone). The fluorescence of catechin 
is virtually unaffected when similar concentrations of polysarcosine 
and polyhydroxyproline are added. Complexation of catechin with the 
tripeptide of proline and to a greater extent with poly(L-proline) 
leads to quenching of the fluorescence rather than enhancement as seen 
when poly(vinylpyrrolidone) was the complexing polymer. A similar 
"solvent" effect used to explain the poly(vinylpyrrolidone)-catechin 
interaction cannot be used for poly(L-proline) because 1/1(0) is less 
than one. This result indicated that a specific interaction between 
catechin and poly(L-proline) might be important.
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Table XXVI
Comparison Of Catechin Fluorescence In Aqueous 
Solution In The Presence Of Different Polymers And Polypeptides
Cone Cat 
(mg/ml)
Polymer Rel Fluor 
1/1(0)
0.011 Polyvinylpyrrolidone 1.48
0.013 Polysarcosine 0.94
0.010 Polyhydroxyproline 0.94
0.010 Pro-Pro-Pro 0.80
0.010 Polyproline 0.75
Polymer Concentration =■ 2.5 mg/ml 
Polyvinylpyrrolidone Avg. MW * 360,000 
Polyproline Avg MW = 60,000
Pro-Pro-Pro = L-Prolyl-L-Prolyl-L-Proline Tripeptide 
Polysarcosine Avg. MW = 2910 
Polyhydroxyproline Avg. MW = 27,000 
Temperature = 25° C
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Complexes Of Catechin With Polyproline In Water
The fluorescence spectrum of catechin in water was compared to 
catechin’s fluorescence in the presence of various poly(L-proline) 
concentrations. The values for 1/1(0) are shown in Table XXVI1. 
Poly(L-proline) quenches the fluorescence of catechin. Poly(L-proline) 
quenches the fluorescence of epicatechin in a similar manner. The 
effect of poly(L-proline) on the fluorescence of epicatechin can be
seen in Figure 56. These two results suggest that the extent of 
fluorescence quenching is related to the amount of fluorophore 
complexed to 'poly(L-proline).
Using this assumption, we evaluated the concentration of bound 
catechin spectrofluorimetrically. As was done for
poly(vinylpyrrolidone), the extent of catechin binding to polyproline 
was evaluated by means of the Klotz equation (53). The Klotz plot of 
catechin binding poly(L-proline) is shown in Figure 57. The best 
straight line was drawn through the experimental points so that 
extrapolation to the y-intercept could be performed. From the 
intercept of the Klotz plot, one can deduce the number of 
poly(L-proline) repeat units that each catechin binds. The 
extrapolated intercept indicates about 152 repeat units of 
poly(L-proline) are required per each catechin molecule. This result 
indicates that the catechin-poly(L-proline) interaction involves 
multiple binding sites. This conclusion appears to be in conflict with 
the observation that the tripeptide of L-proline quenches the 
fluorescence of catechin. Consequently, little confidence is placed on 
the size of the binding region that is deduced from the Klotz plot.
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Table XXVII
Effects Of Polyproline On The Fluorescence Of Catechin In Water
[Polypro]
(mg/ml)
0.0
1.0
2.5
7.5 
10.0
Integral 
(285-420 run)
13227
11619
9955
6470
5395
Rel Fluor 
1/1(0)
1.00
0.88
0.75
0.49
0.41
Temperature = 25 C 
Excitation Wavelength = 280 run
— 5Catechin Concentration = 3.58 x 10 M 
Polyproline MW = 60,000®^
Figure 56: Fluorescence spectra of epicatechin in water with
poly(L-proline) present. Concentration of 
epicatechin = 3.44 x 10~^ M 
Excitation = 280 nm
1) 0.0 mg/ml PolytL-proline)
2) 1.0 mg/ml PolytL-proline)
3) 2.5 mg/ml Poly(L-proline)
4) 5.0 mg/ml PolytL-proline)
5) 7.5 mg/ml PolytL-proline)
6) 10.0 mg/ml PolytL-proline)
Wavelength (nm)
4 5 0
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Figure 57: Klotz plot of catechin binding poly(L~proline) in water.
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Other studies showed that the relative binding affinity of
proanthocyanidin polymers increased with increasing molecular weight of
the polypeptide10. The ability of poly(L-proline) to quench the
fluorescence of catechin suggests an interaction which is different
from that seen in poly(vinylpyrrolidone). The specific interaction was
probed by exploiting the ability of the poly(L-proline) chain to exist
in two different conformations.
Catechin's Interaction with 
Form I Or Form II Of Folyproline
About thirty years ago x-ray scattering patterns of
poly(L-proline) indicated it may exist in two conformations in the
solid state. The conformation called Form I is a right-handed helix
with 3.33 residues per turn, a translation along the helix axis of 1.9
73A/residue and a cis configuration at all the amide bonds. The 
conformation called Form II in the solid state is a left-handed helix 
with 3.00 residues per turn and a translation along the helical axis of 
3.12 A/residue and a trans configuration of the amide bonds.
Hattice and Mandelkern00 found that in solvents such as water, acetic 
acid and trifluoroethanol that there was sufficient flexibility so that 
the poly(L-proline) chain of high molecular weight acts like a random 
coil with characteristic ratios of 14-20. Mattice and Darsey76 showed 
that dilute solutions of poly(L-proline) in these solvents support a 
local structure that is similar to Form II.
CC
Gornick and Mandelkem et al. demonstrated that in a suitably 
chosen mixed solvent system such as acetic acid:1-propanol, a sharp 
reversible transition between Form I and Form II is observed with a 
small change in solvent composition. Since Form I and Form II are 
helices of opposite handedness, the transition was monitored by the
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large changes in optical activity. The mixed solvent system used in 
this work was trifluoroethanol and 1-propanol. Trifluoroethanol was 
chosen because acetic acid had considerably higher absorbance in the 
wavelength region of 205-230 nm that might interfere in making the 
circular dichroism measurements. Circular dichroism measurements were 
carried out at various trifluoroethano1/1-propanol mixtures. In pure 
trifluoroethanol the stable form of poly(L-proline) is Form 11.®^ The 
circular dichroism spectra when poly(L-proline) is in four different 
trifluoroethanol/l-propanol solvent mixtures are shown in Figure 58.
The two spectra taken in pure trifluoroethanol and 35:65 
trif luoroethanoljl-propanol indicate that poly(L-proline) adopts a Form 
II conformation. In contrast, the circular dichroism changes 
drastically when the solvent composition is adjusted to 25:75 
trifluoroethanol:1-propanol. The circular dichroism spectra at this 
solvent composition as well as the 10:90 trifluoroethanol:l-propanol 
composition indicate that the poly(I.-proline) chain adopts a Form I 
conformation. The reversible transition as detected by circular 
dichroism may be seen in Figure 59, One cannot go beyond 10:90 
trifluoroethanol:1-propanol solvent composition because of the low 
solubility of poly(L-proline) in 1-propanol. In order to investigate 
the specific nature of the poly(L-proline)-catechin interaction we 
observed the fluorescence of catechin in the presence of Form I or Form 
II of poly(L-proline).
Figure 60 shows 1/1(0) for catechin in various mixtures of 
trifluoroethanol and 1-propanol that contain poly(L-proline) at a 
concentration of .90 mg/ml. When the solvent composition is pure 
trifluoroethanol, poly(L-proline) appears to quench catechin's
223
Figure 58: Circular dichroism spectra of .02 mg/ml poly(L-proline) in
4 different trifluoroethanol/n-propanol solvent 
compositions.
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Figure 59: Molar residue ellipticity (Theta) at 210 nm for poly(L-
proline) versus the solvent composition of 1-propanol in 
trifluoroethanol.
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Figure 60: Fluorescence Intensity, 1/1(0), for Catechin in presence
of .90 mg/ml Polyproline in various 
1-propanol/trifluoroethanol mixtures.
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fluorescence slightly, 1/1(0) is slightly less than one, in the other 
extreme, 10:90 trifluoroethanol:1-propanol, the quantity 1/1(0) is 
greater than one and increases over a period of days. The quantity 
1/1(0) displays the greatest sensitivity near solvent compositions of 
25:75 trifluoroethanol:1-Propanol, which is the solvent composition 
where circular dichroism measurements indicate an interconversion 
between Form I and Form II. Fluorescence measurements of catechin in 
various solvent compositions of trifluoroethanol and 1-propanol in the 
absence of poly(L-proline) show no unusual dependence of emission on 
solvent composition. Furthermore, the circular dichroism of poly(L~ 
proline) in the presence of catechin indicates that the poly(L-proline) 
maintains its overall conformation. Figure 51 shows poly(L-proline) in 
the presence of catechin 10:90 trifluoroethanol:1-propanol solvent 
composition. The negative band at 230 nm and positive band around 
210 nm indicate that in the presence of catechin, the conformation of 
poly(L-proline) remains Form I as it was in the absence of catechin.
One may conclude from the circular dichroism and the fluorescence 
results that catechin is able to discriminate between the two Forms of 
poly(L-proline). The emission intensity of catechin is enhanced if the 
local structure of poly(L-proline) is a right-handed helix with 3,33 
residues per turn, a translation of 1.9 A/residue and cis amide bonds.
A slightly quenched catechin fluorescence is observed when local 
conformation of poly(L-proline) adopts a left-handed helix with 3.00 
residues per turn, a translation of 3.12 A per residue and trans amide 
bonds. The time dependence of the steady-state emission could not be 
rationalized. To test whether the specific interaction between 
catechin and poly(L-proline) could be extended to dimers of catechin
230
Figure 61: Circular dichroism spectrum of .018 mg/ml poly(L-proline)
and .0002 mg/ml catechin in 10% trifluoroethanol and 90% 
n-propanol.
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and epicatechin, similar measurements were performed on two dimers of
catechin and epicatechin.
Complexes Of Procvanidin Dimers 
With Polyproline Form 1 Or Form II
Steady-State Fluorescence
The effects of poly(I>-proline) Form £ and Form II on the 
fluorescence of epicatechin(40-»-8)catechin were measured in a similar 
manner as was done for the monomer, catechin. Figure 62 depicts the 
quantity 1/1(0) for the dimer, epicatechin(4B*8}catechin, in mixtures- 
of trifluoroethanol and 1-propanol that contain poly(L-proline) at a 
concentration of .90 mg/ml. in pure trifluoroethanol the fluorescence 
of the dimer is quenched by poly(L-proline), 1/1(0) < 1. At the other 
extreme of solvent composition, 10:90 trifluoroethanol;l-propanol, the 
fluorescence of the dimer is slightly enhanced, 1/1(0) > 1. The 
quantity 1/1(0) is most sensitive in solvent compositions around 25:75 
trif luoroethanol :l-propanol. This is the solvent composition where 
the sharp transition of Form I to Form II occurs. Measurements of 
epicatechin(4$'*-8)catechin in these mixed solvents in the absence of 
poly(L-proline) showed no unusual dependence on solvent composition.
The fluorescence behavior for epicatechin(4fi-*-8)catechin in the 
presence of either Form I or Form II of poly(L-proline) resembles what 
is observed for the monomer, catechin, in the presence of poly(L- 
proline). However, the magnitude of 1/1(0) changes much less for 
epicatechin(4fJ-*8)catechin. Although it appears that 
epicatechin(40+8)catechin may distinguish between whether poly(L- 
proline) is in Form I or Form II helices, the fluorescence intensity of 
epicatechin(4(J+8)catechin is not as sensitive as catechin to changes in 
conformations of poly(L-proline). 1/1(0) spans a range between .80-3.5
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Figure 62: Fluorescence Intensity, 1/1(0), for
epicatechin(40-*i8)catechin in presence of .90 mg/ml 
poly(L-proline) in various 1-propanol/trifluoroethanol
mixtures.
■ - 0 days
+ - 1 day
♦ - 7 days
A - 18 days
X - 22 days
RE
2-
 
FL
UO
RE
SC
EN
CE
 
1/
1(
0)
1.3
1
1
0.9
0.8
0.7
0 80 10020 40 60
% 1 —PROPANOL IN TRlFliJOUROETHANOL
2 
34
235
when catechin interacts with poly(L-proline) after a period of 20 days. 
Xn contrast, when epicatechin(43+S)catechin interacts with poly(L- 
proline) 1/1(0) spans a range of only .75-1.2 after 20 days. The time 
dependence for the emission of epicatechin(4B+8)catechin in the 
presence of poly(L-proline) is similar to that which was observed for 
interaction of catechin with poly(L-proline). The origin of the time 
dependence of the fluorescence emission has not been identified.
The effects of the poly(L-proline) Form I to Form II transition on 
the fluorescence of another dimer, epicatechin(4B+6)catechin, was 
investigated as well. The quantity l/l{0) was also measured in 
mixtures of trifluoroethanol and 1-propanol. Figure 63 shows how the 
fluorescence of epicatechin(43+6)catechin in various 
trifluoroethanol/l-propanol solvent mixtures is effected by the 
presence of .90 mg/ml poly(Ii-proline). The quantity 1/1(0} is less 
than unity in a region where Form II is present, 70:30 
trifluoroethanol:1-propanol, initially. However, over a period of 
days, 1/1(0) increases and eventually slightly exceeds a value of one.
At the other extreme of solvent composition, 15:85
trifluoroethanol:1-propanol, poly(L-proline) adopts Form I helices and 
results in 1/1(0) value greater than one. At these solvent 
compositions, 1/1(0) also increases considerably over a period of days. 
The quantity 1/1(0) is most sensitive when the solvent composition is 
around 25:75 trifluoroethanol:1-propanol. This is the solvent 
composition where Form I to Form II interconversion of poly(L-proline) 
is observed by circular dichroism. As was the case for catechin and 
epicatechin(40~^8)catechin, 1/1(0) for epicatechin(43+6)catechin is 
greater when poly(L-proline) adopts a Form I conformation than when
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Figure 63: Fluorescence Intensity, 1/1(0), for
epicatechin(4^6) catechin in presence of .90 mg/ml 
poly(L-proline) in various 1-propanol/trifluoroethanol 
mixtures.
Days after solution made:
■ - 0 days
+ - 6 days
♦ - 7 days
A - 11 days
X - 21 days
t#**
f r *
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poly(L-proline) has a local structure resembling Form XX. The time 
dependence of the steady-state emission cannot be explained.
For the compounds studied, catechin, epicatechin(43■»,8)catechin and 
epicatechin{40-+6)catechin, each is able to discriminate between the two 
forms of poly(L-proline). More dramatic changes in the monomer and 
dimer fluorescence are observed in solvent compositions which support 
Form X of poly(L-proline). In each case, the emission becomes stronger 
when the local structure of poly(L-proline) is a right-handed helix 
with 3.33 residues per turn, a translation of 1.9 A per residue and cis 
amide bonds. In contrast the emission fluorophore is slightly quenched 
if the local structure of poly(L-proline) is a left-handed helix with 
3.00 residues per turn a translation of 3.12 A per residue and trans 
amide bonds. Of the three compounds, the fluorescence of catechin is 
changed the most upon complexation of either Form of poly(L-proline).
In order to further investigate the specific nature of interaction 
of the two dimers with poly(L-proline), fluorescence lifetime 
measurements were acquired in two trifluoroethano1/1-propanol solvent 
mixtures in the absence and presence of poly(L-proline).
Fluorescence Lifetimes of Epicatechint48-»8)Catechin With Polyproline
The fluorescence decay curves for epicatechin(4 0+8)catechin in the 
absence and presence of poly(L-proline) in two different 
trif luoroethano 1/1-propanol solvent mixtures were ,obtained. The two 
solvent compositions, 35:65 trifluoroethanol:1-propanol and 20:80 
trifluoroethanol:1-propanol, were chosen because they are on either 
side of the Form I-Form II transition. The fluorescence decay curves 
of epicatechin(48+8)catechin in the absence of poly(L-proline) in 35:65 
trifluoroethanol:l-propanol and 20:80 trifluoroethanol:l-propanol may
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be seen in Figures 64 and 65 respectively. In each figure the top 
panel shows the fluorescence decay curve fit to a single exponential.
In contrast, the bottom panel shows the same data fit to a sum of two 
exponentials. As was the case when dioxane was the solvent, the 
fluorescence decay of epicatechin(4U+8 )catechin in both 
trifluoroethanol:1-propanol solvent compositions is best described by a 
sum of two exponentials. An improvement of the fit to a biexponential 
function is evidenced by the decrease in chi-sguared along with an 
improved appearance of the autocorrelation function of the residuals.
The fluorescence of epicatechin(46-»,8) catechin in 35:65 
trifluoroethanol:1-propanol and 20:80 trifluoroethanol:1-propanol can 
be described by two lifetimes. The lifetime data of 
epicatechin{4£-»,8) catechin in these two solvent systems is compiled in 
Table XXVIII. in both solvent systems the major component is the 
shorter lifetime and the minor component is the longer lifetime. A 
similar observation is made when the dimer is dissolved in dioxane.
The rotamer populations do not change significantly in the 
trifluoroethanol:1-propanol mixtures when compared to the rotamer 
populations seen in dioxane. In order to investigate the specific 
nature of the poly(L-proline) interaction with dimers of catechin and 
epicatechin, the lifetimes were measured in the presence of poly(L~ 
proline).
Epicatechin(4(3+8)catechin's fluorescence decay curves were 
measured in the presence of Form I and Form II of poly(L-proline). The 
lifetime measurements were made on solutions that were no more the 6 
days old. From the steady state fluorescence of the dimer on solutions 
that were less than 6 days old, 1/1(0) was less than 1 for either 35:65
240
Figure 64: Fluorescence decay curves of epicatechin(46+8)catechin in
35:65 trifluoroethanol:1-propanol.
Excitation 3 280 nm 
Emission 3 320 nm
Top panel: Data fit to monoexponential function.
(X2 - 2.93)
Bottom panel: Data fit to biexponential function 
(X2 = 1.08, Taul 3 .90 ns, Tau2 3 1.55 ns)
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Figure 65: Fluorescence decay curves of epicatechin(40+8)catechin in
20:80 trifluoroethanol:1-propanol.
Excitation » 280 nm 
Emission ■ 320 nm
Top panel: Data fit to monoexponential 
(X2 = 2.93)
Bottom panel: Data fit to biexponential 
(X “ 1.17, Taul = 1,13 ns, Tau2 = 2.1 ns)
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Table XXVIII
Lifetime Data 
For Epicatechin(46*8)Catechin 
In Trifluoroethanol/l-Propanol Solvent 
Mixtures In The Absence Of Polyproline
TFE:1-Prop EM(NM) Alphanl Taul Alphan2 Tau2 Chi SQ
35:65 320 0.84 1.03 0.16 1.86 1.22
35:65 320 0.67 0.91 0.33 1.55 1.08
35:65 325 0.68 0.90 0.32 1.58 1.01
35:65 325 0.73 0.95 0.26 1.65 1.31
Avg. 0.73 0.95 0.27 1.66
Std. Dev, 0.07 0.05 0.07 0.12
20:80 320 0.82 1.07 0.18 1.91 1.13
20:80 320 0.90 1.13 0.10 2.10 1.17
20:80 325 0.58 0.92 0.42 1.59 0.98
20:80 325 0.74 1.01 0.26 1.76 1.12
Avg. 0.76 1.03 0.24 1.84
Std. Dev. 0.12 0.08 0.12 0.19
Excitation Wavelength = 280 nm 
All Taus Reported In Nanoseconds 
Alphanl = a1/(a^+a2), Alphan2 =. 0 2 /(0 2 +0 2 ) 
Temperature =25° C
TFE: 1-Prop => Trif luoroethanol: 1-Propanol
or 20:80 trifluoroethanol:1-propanol solutions (Figure 62). m  the 
solvent composition of 35:65 trifluoroethanol:1-propanol, poly(L- 
proline) adopts the Form II conformation. Conversely, in the solvent 
composition of 20:80 trifluoroethanol:1-propanol, poly(L-proline) is in 
a Form I conformation. The introduction of poly(L-proline) complicates 
the analysis of the fluorescence decay of epicatechin (4(3*8) catechin.
The fluorescence decay curves of epicatechin(40*8)catechin in the 
presence of 2.0 mg/ml poly(L-proline) are shown in Figures 66 and 67. 
Figures 66 and 67 represent the effects poly(L-proline) has on the 
fluorescence decay of epicatechin(4(3*8) catechin in 35:65 
trifluoroethanol:1-propanol and 20:80 trifluoroethanol:1-propanol 
respectively. In each of the figures the top panel shows the attempt 
to fit the data to a biexponential function as was done for 
epicatechin(40*8)catechin in the absence of poly(L-proline) for these 
particular solvent compositions. The chi-sguared for the biexponential 
fit shown for the two solvent compositions is reasonable low, 1.14 for 
35:.65 trif luoroethanol: 1-propanol and 1.37 for 20:80
trifluoroethanol:1-propanol. However, the autocorrelation function for 
the biexponential fit for either solvent composition shows non-random 
fluctuations. The poor appearance of the autocorrelation function 
might improve if a third exponential were included to describe the 
curve.
The bottom panels of Figure 66 and 67 represent the decay curves 
of epicatechin (4(3*8) catechin fit to a sum of three exponentials. When 
a tri-exponential function is used to describe the decay curves an 
improvement in the appearance of the autocorrelation function results. 
Invoking a sum of three exponentials also results in decreasing
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Figure 66: Fluorescence decay curves of epicatechin(40*8)catechin in
35:65 trifluoroethanol:1-propanol with 2.0 rng/ral 
polyproline present.
Excitation = 280 nm 
Emission =• 325 nm
Top panel: Data fit to monoexponential (x^ = 2.93)
Bottom panel: Data fit to biexponential function 
(X^ * 1.08, Taul = .90 ns, Tau2 = 1.55 ns)
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Figure €7: Fluorescence decay curve of epicatechin (4fl*8) catechin in
20:80 trifluoroethanol:1-propanol with 2.0 mg/ml 
polyproline present.
Excitation ■ 280 nm 
Emission = 315 nm
Top panel: Data fit to biexponential (x 3 1.37)
Bottom panel: Data fit to triexponential 
(X2 = 1.15)
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chi-squared, 1.14 to .95 in 35:65 trifluoroethanol:1-propanol and 1.37 
to 1.15 in 20:80 trifluoroethanol:1-propanol. This is not a dramatic 
change in the chi-square when three lifetimes are used to describe the 
decay. Furthermore, the third lifetime contributes 1% or less to the 
overall decay curve of epicatechin(40-*8)catechin when poly(L-proline) 
is present. For these two reasons epicatechin(4$-»-8)catechin,s 
fluorescence decay was analyzed in the presence of poly(L-proline) by 
fitting the curves to biexponential functions. The results for these 
analyses are shown in Table XXIX. Table XXX gives the lifetime data 
for analysis of epicatechin(40*8)catechin in the presence of poly(L~ 
proline) by a sum of three exponentials.
By analyzing the epicatechin(40*>8)catechin decay curves by a sum 
of two exponentials it allows direct comparison to the results obtained 
for epicatechin(40-*,8)catechin's fluorescence decay in the absence of 
poly(L-proline). The results from the single curve analyses of 
epicatechin{40*8)catechin decay curves in the presence and absence of 
poly(L-proline) are found in Table XXXI. Table XXXI shows the absolute 
magnitude of the preexponential factors rather than the fractional 
contribution reported previously.
When the solvent composition is 35:65 trifluoroethanol:l-propanol, 
poly(L-proline) adopts the Form II conformation, in this particular 
solvent composition one can observe the specific effect poly(L-proline) 
Form II has on the lifetimes of epicatechin(40->8)catechin. When 
poly(L-proline) Form II is present, the major lifetime decreases 
slightly from .95 ns to .86 ns and the minor lifetime increases 
slightly from 1.7 ns to 2.0 ns. Furthermore, the preexponential
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Table XXIX
Lifetime Data For 
Epicatechin(4fi-*-8)Catechin in Trifluoroethanol/l-Propanol 
Solvent Mixtures In The Presence of 2.00 MG/ML Polyproline
TFE:1-Prop EM(nm) Alphanl Taul Alphan2 Tau2 Chi Sq
35:65 315 0.76 0.79 0.24 1.84 1.47
35:65 315 0.76 0.80 0.24 1.82 1.33
35:65 320 0.78 0.91 0.22 1.87 1.32
35:65 325 0.80 0.87 0.20 1.96 1.48
35:65 325 0.88 0.94 0.12 2.36 1.40
35:65 325 0.79 0.87 0.21 1.91 1.14
Avg. 0.79 0.86 0.21 1.96
Std. Dev. 0.04 0.05 0.04 0.18
20:80 315 0.76 0.25 0.24 1.48 1.37
20:80 315 0.80 0.30 0.20 1.56 1.45
20:80 320 0.66 0.33 0.34 1.49 1.49
Avg. 0.74 0.29 0.26 1.51
Std. Dev. 0.06 0.03 0.06 0.04
Temperature = 25° C 
Excitation Wavelength * 280 nm 
All Taus Reported In Nanoseconds 
Alphanl = ctp/fa^+a^), Alphan2 = c^/ (a^+a^) 
TFE:l“Prop = Trifluoroethanol:1-Propanol
Table XXX
Lifetime Data Of Epicatechin (43-*’8) Catechin In 
The Presence Of 2.0MG/ML Polyproline Pit To Sum Of Three Exponentials
TPE:1-Prop EM(nm) AlphalN Taul Alpha2N Tau2 Alpha3N Tau3 Chi S<
35:65 315 .45 .48 .54 1.36 .01 5.94 1.06
35:65 320 .32 .36 .67 1.28 .01 4.88 1.05
35:65 325 .28 .26 .68 1.16 .02 2.77 0.95
20:80 315 .75 .17 .24 1.25 .01 3.16 1.22
20:80 320 .67 .17 .32 1.24 .01 1.94 1.20
20:80 325 .70 .18 .28 1.20 .02 2.69 1.27
Temperature =■ 25° C
Excitation Wavelength * 280 nm
All Taus Reported In Nanoseconds
AlphalN = a^/( a^+o2+a3 ) r Alpha2N = c^/fo^+c^+c^)
TFE:1-Prop = Trifluoroethanol:1-Propanol
Table XXXI
Comparison Of Lifetimes For 
Epicatechin{4£-*,8) Catechin In The 
Absence And Presence Of Form I Or Form II Of Polyproline
Alphas Lifetimes (ns)
TFE:1-Pro [PPRO] A1 A2 Taul Tau2
35:65 0.00 0.09 0.04 0.95 1.66
35:65 2.00 0.10 0.03 0.86 1.96
20:80 0.00 0.10 0.03 1.03 1.84
20:80 2.00 0.19 0.09 0.29 1.51
Temperature = 25° c 
Excitation Wavelength =* 280 nm 
Emission Wavelength Range = 315-325 nm 
[PPRO] =* Concentration Of Polyproline In mg/ml 
All Taus Reported In Nanoseconds
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factors change only slightly upon introduction of polytL-proline)
P o m  II to epicatechin(48*8)catechin solution.
When the solvent composition is 20:80 trifluoroethanol:l-propanol, 
polytL-proline) adopts the Form I conformation. When poly(L-proline) 
Form I is present, the major lifetime decreases from 1.0 ns to .29 ns 
and the minor lifetime decreases from 1.8 ns to 1.5 ns. The absolute 
magnitude for both preexponential factors increases dramatically when 
polytL-proline) Form I is introduced into solution with epicatechin 
(40-*8)catechin although their ratios do not change significantly.
The lifetime data of epicatechin(4&+8)catechin in the presence of 
either Form I or Form II of polytL-proline) suggests several 
interpretations. The lifetimes of epicatechin(43+8)catechin change 
more dramatically when Form I of polytL-proline) is present compared 
with Form II. This seems to suggest that poly(L-proline) Form I may be 
more effective in binding epicatechin(4^-*’8)catechin than Form II. 
Introduction of Form I of polytL-proline) increases the absolute 
magnitude of the preexponential factors of the lifetime. The steady 
state fluorescence intensity is related to the lifetimes and 
preexponential factors by equation £57).^
F - I CkjTi 157)
Where: F 3 the steady state fluorescence intensity
= preexponential factor of component i 
= lifetime of fluorescence for component i
This relationship explains how the steady state intensities, 1/1(0), 
can increase with a decrease in lifetimes. The specific effects of
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polytL-proline) on another dimer, epicatechin(46*6)catechin, was
determined in a similar manner.
Fluorescence Lifetimes Of
Epicatechin(46*6)Catechin With Polyproline
Epicatechin(46*6)catechin’s fluorescence decay was measured in 
35:65 trifluoroethanol:1-propanol and 20:80
trifluoroethanol:1-propanol. The lifetime measurements were done in 
these two solvent compositions in the absence of polytL-proline).
These results then will be used to determine to what extent polytL- 
proline) affects epicatechinf46*6)catechin fluorescence. Figure 68 and 
69 show the fluorescence decay curves of epicatechint46*6)catechin in 
35:65 trifluoroethanol:1-propanol and 20:80 trifluoroethanol:1-propanol 
respectively. For either solvent composition the fluorescence decays 
of epicatechin(46*6)catechin can be adequately fit by a sum of two 
exponentials as evidenced by the low chi-squared, 1.16 and the random 
nature of the autocorrelation function. The fluorescence decay of 
epicatechint46*6)catechin can be described by two lifetimes regardless 
of the solvent composition. The lifetime results for the single curve 
analyses of epicatechint46*6)catechin in the absence of polytL-proline) 
are shown in Table XXXIX. The major component is the shorter lifetime 
and the minor component is the longer lifetime. When dioxane was the 
solvent the major component was also the shorter lifetime. The ratio 
of the preexponential factors in trifluoroethanol/l-propanol mixtures 
are not significantly different from those observed for the dimer in 
dioxane. The manner in which polyproline interacts with 
epicatechint46*6)catechin was determined by measuring the lifetimes of 
epicatechint46*6)catechin in the presence of Form I or Form II of 
poly(L-polyproline).
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Figure 68: Fluorescence decay curve of epicatechint40+6)catechin in
35:65 trifluoroethanol:1-propanol fit to biexponential
function.
o
X = 1.16, Taul = .96 ns, Tau2 ■ 1.76 ns
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Figure 69: Fluorescence decay curve of epicatechin(4B'>,6)catechin in
20:80 trifluoroethanoljl-propanoi fit to biexponential 
function.
X2 =■ 1.16, Taul = 1.03 ns, Tau2 = 1.93 ns
C
O
U
N
TS
8000r 7-^£0-86 
PfcOr B-7/205£TFE 
TEM£tar25 C
EXH&8& NH EM-320 NM ^
lr
200 
CHANNELS
n/2
3000
m
252
-252
259
260
Table XXXXI
Lifetime Data Por Epicatechin( 4(3+6 )Catechin In Trifluoroethanol 
1-Propanol Solvent Mixtures In The Absence of Polyproline
TPE:1-Prop EM(mn) Alphanl
35:65 315 0.98
35:65 315 0.94
35:65 320 0.89
35:65 325 0.92
35:65 325 0.89
Avg 0.92
Std Dev 0.03
20:80 315 0.89
20:80 315 0.75
20:80 320 0.90
20:80 3 20 0.88
20:80 325 0.79
20:80 325 0.68
Avg 0.81
Std Dev 0.08
Temperature ■ 25° C
Taul Alphan2 Tau2 Chi Sq
1.03 0.02 2.91 1.36
1.00 0.06 1.93 1.21
0.96 0.11 1.76 1.16
0.98 0.08 1.92 1.22
0.96 0.11 1.78 1.47
0.99 0.08 2.06
0.03 0.03 0.43
1.02 0.11 1.93 1.15
0.95 0.25 1.59 1.16
1.03 0.10 1.93 1.16
1.00 0.12 1.89 1.45
0.98 0.21 1.64 1.02
1.06 0.32 2.2l 1.03
1.01 0.19 1.87
0.04 0.08 0.21
Excitation Wavelength * 280 nm
Alphanl otj/tctj+o^ ) , Alphan2 = o^/tci^o^)
All Taus reported in nanoseconds
TPE:1-Pop = Trifluoroethanol:1-Propanol
The fluorescence decay curves of epicatechin(4(S-*6)catechin were 
obtained in the presence of 2.0 mg/ml poly(L-proline). Lifetime 
measurements were made on solutions that were less than 6 days old. In 
the steady state measurements, 1/1(0) < 1 when the solvent composition 
is 35:65 trifluoroethanol:l-propanol and 1/1(0) > 1 when the solvent 
composition is 20:80 trifluoroethanol:1-propanol (Figure 63). The 
solvent composition of 35:65 trifluoroethanol:l-propanol insures 
poly(L-proline) adopts a Form I conformation. As in the case with 
epicatechin(4£*8)catechin, poly(L-prolirie)'s presence in solution 
complicates the analysis of the decay curve. Although the decay curve 
of epicatechin(4£*6)catechin in most instances is best fit to a sum of 
three exponentials, all the fluorescence data were analyzed as a sum of 
two exponentials. Table XXXIII shows the fluorescence decays fit to a 
sum of three exponentials in the presence of 2.0 mg/ml of poly(L- 
proline). The preexponential factors in Table XXXIII are reported as 
the absolute magnitude rather than as a ratio. From Table XXXIII it is 
apparent that little is gained by analyzing the data by a sum of three 
exponentials. One reason for forcing epicatechin(4g-»’6)catechin's decay 
to a biexponential function is that the chi-square does not improve 
dramatically by using three lifetimes. Another reason is that the 
third component contributes less than 1% overall to the decay curve.
The results of fitting epicatechin(48*6)catechin's fluorescence decay 
to a biexponential in the presence of polyproline can be seen in Table 
XXXIV. Analyzing the epicatechin(4@*6)catechin decay curves above by a 
sum of two exponentials allows direct comparison to the results 
obtained for epicatechin(43*6)catechin fluorescence decay in the 
absence of poly(L-proline). Table XXXV summarizes the results obtained
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Table XXXIII
Lifetime Data for Epicatechin(4fJ-*-6)Catechin in 35:65 Trifluoroethanol: 
1-Propanol Solvent Mixture in the Presence of 2.00 mg/ral Polyproline 
Analyzed Using a Sum of Three Exponentials
EM(nm) Alphal Taul Alpha2 Tau2 Alpha3 Tau3 Chi Sg
320 .086 .28 .14 1.23 .004 3.99 1.22
320 .10 .10 .086 1.21 .002 4.66 1.58
325 -.024 .95 .176 .95 .021 2.36 1.41
325 -.019 .99 .123 .99 .007 3.02 2.16
Temperature = 25° C 
Excitation Wavelength ■ 280 nm 
All Taus Reported in Nanoseconds
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Table XXXIV
Lifetime Data for Epicatechin(4(J+6)Catechin in Trifluoroethanol 
1-Propanol Solvent Mixtures in the Presence of 2.00mg/ml Polyproline
TPE:1-Prop EM(nm) Alphanl Taul Alphan2 Tau2 Chi Sq
35:35 320 0.94 0.91 0.06 2.68 1,37
35:65 320 0.96 0.94 0.04 3.37 1.64
35:65 325 0.96 0.93 0.04 3.07 1.43
35:65 325 0.95 0.91 0.05 3,08 1.50
Avg 0.95 0.92 0.05 3.05
Std Dev 0.01 0.01 0.01 0.25
20:80 315 0.84 0.22 0.16 1.43 1.72
20:80 315 0.83 0.22 0.17 1.42 1.73
20:80 320 0.77 0.25 0.23 1.42 1.52
20:80 320 0.77 0.25 0.23 1.43 1.46
Avg 0.80 0.24 0.20 1.43
Std Dev 0.03 0.01 0.03 .00
Temperature =* 25° C
Excitation Wavelength * 280 nm
Alphanl = aj/(cti+a2 ^r Alphan2 ■ c^/fci^+a^)
All Taus Reported In Nanoseconds
TPE:1-Prop ■ Trifluoroethanol:1-Propanol
264
Table XXXV
Comparison Of Lifetimes For Epicatechin(4B'»’6)Catechin 
In The Absence And Presence Of Form I Or Form II Of Polyproline
TFE:1-PRO [PPRO]
35:65 0.00
35:65 2.00
Alphas
A1
0.92
0.95
A2
0.08
0.05
Lifetimes(ns) 
Taul Tau2
0.99
0.92
2.06
3.05
20:80
20:80
0.00
2.00
0.81
0.78
0.19
0.22
1.01
0.23
1.87
1.42
Temperature = 25 C 
Excitation Wavelength => 280 nm
Al - °i/<ai+a2*' A2 “ a2/,^ 0tl+a2,
[PPRO] ■ Concentration Of Polyproline In mg/ml
265
£rora the single curve analyses of epicatechint 43-»,6)catechin decay 
curves when poly(L-proline) is absent and present.
When the solvent composition is 35:65 trifluoroethanol:1-propanol, 
poly(L-proline) adopts the Form II conformation. When polytL-proline) 
Form II is present the major lifetime decreases slightly from .99ns to 
.92 ns and the minor lifetime increases from 2.1 ns to 3.0 ns. The 
preexponential factors change only slightly when poly(L-proline) Form 
II is placed in solution with epicatechint43*6)catechin. In the 
solvent composition 20:80 trifluoroethanol:1-propanol, one can observe 
the effects that polytL-proline) Form I has on
epicatechint43*6Jcatechin's fluorescence lifetimes, when polytL- 
proline) Form I is present, the major lifetime decreases from 1.0 ns to 
.23 ns and the minor lifetime decreases from 1.9 ns to 1.4 ns. The 
preexponential factors only change slightly when polytL-proline) Form I 
is in solution with epicatechint43*6)catechin.
The lifetime date of epicatechint40*6)catechin in the presence of 
either Form I or Form II of poly(L-proline) suggests an interpretation 
of the manner which polytL-proline) interacts with
epicatechint40*6)catechin. The lifetimes change more dramatically when 
poly(L-proline) Form I is present as compared to polytL-proline) Form 
II. The larger difference when Form I is involved suggests that 
poly(L-proline) Form I is more effective in binding 
epicatechint40*6Jcatechin than Form II. in each of the solvent 
compositions, polytL-proline) changes one of the lifetimes while 
leaving the other lifetime essentially unchanged. This is consistent 
with the notion that a particular rotamer of epicatechint40*6)catechin
is more effective in binding the stable form of poly(L-proline) 
present. When Form I of poly(L-proline) is present the rotational 
isomer most affected is the short lived component. Previously in this 
dissertation the short lived component of epicatechint43+6)catechin was 
assigned a dihedral angle of -80 degrees for the interflavan linkage, 
C(3)-C(4)-C{6)-C(5) (Table XV).
Whether the dimer is epicatechint43+8)catechin or 
epicatechint43+6)catechin, poly(L-proline) Form I has a much greater 
effect on their fluorescence lifetime than does polytL-proline) Form 
II. The presence of poly(L-proline) produces little change in the 
relative rotamer populations of epicatechint43+8)catechin and 
epicatechint43+6)catechin regardless of the solvent composition.
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